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iQTQHQ;v Q#b2`p2/ Bb 7QmM/ iQ #2 +QMbBbi2Mi rBi? i?i 2tT2+i2/ 7`QK T`2pBQmb Q#b2`@
piBQMb U#b2/ QM Qi?2` Q#b2`p#H2bVěBM #Qi? i?2Q`B2b Bi Bb +QMbBbi2Mi rBi? +QM7Q`KH
Q` M2`@+QM7Q`KH #2?pBQm`ěM/ Bi Bb HbQ 7QmM/ i?i i?2 BMbiMiQM bBx2 /Bbi`B#miBQM
Kv #2 mb27mH b M BM/B+iQ` Q7 i?2 QMb2i Q7 }MBi2@pQHmK2 2z2+ibX a+HBM; #2?pBQm`
7QmM/ 7Q` Qi?2` Q#b2`p#H2b BM T`2pBQmb rQ`F Bb ?Qr2p2` MQi Q#b2`p2/ BM i?2 iQTQHQ;B+H
Q#b2`p#H2b +QMbB/2`2/ ?2`2X aQK2 Q7 i?2 rQ`F BM i?Bb +?Ti2` rb T`2pBQmbHv Tm#HBb?2/
BM (R9)X
L2ti- +?Ti2` e- 7i2` `2pB2rBM; bQK2 `2H2pMi bT2+ib Q7 ?B;?@T2`7Q`KM+2 +QK@
Tmi2`b- #`B2~v /2b+`B#2b i?2 >B_2T +Q/2- r?B+? ?b #22M mb2/ 2ti2MbBp2Hv i?`Qm;?Qmi
i?Bb rQ`F- M/ i?2M /2iBHb "aJ"2M+?-  bmT2`+QKTmiBM; #2M+?K`F iQQH #b2/ QM
>B_2T iQ bmTTQ`i i?2 BMp2biB;iBQM Q7 M2r T?vbB+b #v HHQrBM; M BM7Q`K2/ +?QB+2 Q7
2[mBTK2Mi Tm`+?b2- b r2HH b ?pBM; TTHB+iBQMb #2vQM/ T?vbB+bX aQK2 Q7 i?2 rQ`F
BM i?Bb +?Ti2` rb T`2pBQmbHv T`2b2Mi2/ BM  TQbi2` i Aa*ǶRk (R8)X 6BMHHv- +?Ti2`
d bmKb mT i?2 }M/BM;b Q7 i?2 rQ`F T`2b2Mi2/ BM i?2 T`2+2/BM; +?Ti2`b- M/ ;Bp2b M
QmiHQQF 7Q` TQi2MiBH 7mim`2 rQ`F BM i?Bb }2H/X
hrQ TT2M/B+2b `2 HbQ BM+Hm/2/, i?2 }`bi BM+Hm/2b pBbmHBbiBQMb Q7 iQTQHQ;B+H
+?`;2 /Bbi`B#miBQMb #b2/ QM i?2 rQ`F Q7 +?Ti2`b 9 M/ 8- r?B+? r2`2 bm#KBii2/
7Q` arMb2 lMBp2`bBivǶb _2b2`+? b `i M/ i?2 _QvH aQ+B2ivǶb SB+im`BM; a+B2M+2
+QKT2iBiBQMbX h?2 b2+QM/ TT2M/Bt BM+Hm/2b i?2 _1.J1 M/ GA*1La1 i2ti }H2b
7Q` i?2 "aJ"2M+? bQ7ir`2X
k
*?Ti2` k
h?2 aiM/`/ JQ/2H M/ LQp2H
ai`QM; AMi2`+iBQMb
h?2 aiM/`/ JQ/2H ++m`i2Hv /2b+`B#2b HKQbi HH FMQrM BMi2`+iBQMb Q7 2H2K2Mi`v
T`iB+H2b UrBi? i?2 MQi#H2 2t+2TiBQM Q7 ;`pBiv- i`2i2/ b2T`i2HvV iQ M 2t[mBbBi2Hv
?B;? T`2+BbBQMě7Q` 2tKTH2- i?2 MQKHQmb K;M2iB+ KQK2Mi Q7 i?2 2H2+i`QM- (g−2)/2-
?b #22M +H+mHi2/ MHviB+HHv iQ j@HQQT Q`/2` (Re)- M/ MmK2`B+HHv iQ i2M@HQQT Q`/2`
iQ ?p2  pHm2 Q7 1.159 652 181 78(77) × 10−3 (Rd)- r?B+? Bb BM 2t+i ;`22K2Mi rBi?
i?2 2tT2`BK2MiH pHm2 Q7 1.159 652 180 76(27)×10−3 (R3) UBib2H7 QM2 Q7 i?2 KQbi T`2+Bb2
2tT2`BK2MiH K2bm`2K2Mib 2p2` K/2VX Aib KQbi `2+2Mi bm++2bb rb i?2 T`2/B+iBQM
Q7 i?2 >B;;b T`iB+H2c BM CmHv kyRk i?2 hGa M/ *Ja i2Kb i i?2 G`;2 >/`QM
*QHHB/2` i *1_L MMQmM+2/ i?2 /Bb+Qp2`v Q7  T`iB+H2 Ki+?BM; i?2 /2b+`BTiBQM Q7
i?2 >B;;běi?i Bb-  b+H` #QbQM- 7QmM/ iQ ?p2  Kbb Q7 Rk8:2o (RN- ky)X
kXR h?2 aiM/`/ JQ/2H
h?2 UKBMBKHV biM/`/ KQ/2H UJaJV Bb 7Q`KmHi2/ BM i?2 7`K2rQ`F Q7 ZmMimK
6B2H/ h?2Q`vX Ai ?b  al(3) × al(2) × l(1) ;m;2 bvKK2i`v- M/ i?2 7QHHQrBM; }2H/
+QMi2Mi,
j








B q2F ?vT2`+?`;2 "0 R R y
W q2F BbQbTBM q±,q0 R j y
G *QHQm` :HmQMb 3 R y
QG G27i@?M/2/ [m`F j k 16
u_ G27i@?M/2/ mT [m`F j R 23
d_ G27i@?M/2/ /QrM [m`F j R − 13
LG G27i@?M/2/ H2TiQM R k − 12
E_ _B;?i@?M/2/ 2H2+i`QM R R −1
H 1H2K2Mi`v >B;;bR R k 12
Aib G;`M;BM iF2b i?2 ;2M2`H 7Q`Kk
LaJ = −12i`F
2 + ψi /Dψ + (DH)†DH − Y ψHψ − V (H†H) , UkXRV
rBi? i?2 i2`Kb `2T`2b2MiBM;- BM im`M,
Ç i?2 FBM2iB+ +QMi`B#miBQM Q7 i?2 bTBM@R ;m;2 }2H/b-
Ç i?2 FBM2iB+ +QMi`B#miBQM Q7 i?2 72`KBQM }2H/b- M/ BMi2`+iBQMb /2b+`B#2/ #v i?2
al(3)× al(2)×l(1) ;`QmT-
Ç i?2 FBM2iB+ +QMi`B#miBQM Q7 i?2 >B;;b M/ Bib BMi2`+iBQMb rBi? i?2 ;m;2 }2H/b-
Ç i?2 umFr BMi2`+iBQMb #2ir22M i?2 >B;;b M/ i?2 72`KBQMb- M/
Ç i?2 b2H7@BMi2`+iBQM Q7 i?2 >B;;bX
kXRXR "`2FBM; 1H2+i`Qr2F avKK2i`v rBi?  6mM/K2MiH a+H`
LQiB+2#H2 BM i?2 }2H/ +QKTQbBiBQM Q7 i?2 JaJ Bb i?2 H+F Q7  T?QiQMc i?Bb Bb /m2
iQ i?2 7+i i?i i?2 2H2+i`Qr2F bvKK2i`v al(2) × l(1) Bb #`QF2M i HQr 2M2`;B2b iQ
i?2 l(1) bvKK2i`v Q7 Z1.X AM i?2 JaJ- i?Bb #`2FBM; iF2b TH+2 pB i?2 2H2K2Mi`v
RAi Bb i?2 BMi`Q/m+iBQM Q7 i?2 2H2K2Mi`v >B;;b UHbQ FMQrM b i?2 aiM/`/ JQ/2H >B;;bV ?2`2
r?B+? iF2b mb 7`QK i?2 aiM/`/ JQ/2H iQ i?2 JBMBKH aiM/`/ JQ/2H
kh?Bb Bb  b+?2KiB+ `i?2` i?M [mMiBiiBp2 `2T`2b2MiiBQM- bBM+2 7Q` BMbiM+2 i?2 H27i@ M/ `B;?i@
?M/2/ 72`KBQMb `2 i`2i2/ b2T`i2Hv- M/ i?2 [m`F bii2b b22M #v i?2 bi`QM; BMi2`+iBQM `2 /Bz2`2Mi
7`QK i?Qb2 +i2/ QM #v i?2 r2F BMi2`+iBQMX >Qr2p2`- `2/m+BM; iQ i?2 bBKTH2bi 7Q`K BM i?Bb rv rBHH
B/ i?2 /Bb+mbbBQM- bBM+2 i?2`2 rBHH #2 72r2` /Bbi`+iBQMb 7`QK mMM2+2bb`v /2iBHbX
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kXR h?2 aiM/`/ JQ/2H
>B;;b- i?`Qm;?  K2+?MBbK T`QTQb2/ #v q2BM#2`; M/ aHK (kR- kk)- r?Q K/2 mb2
Q7 T`BQ` rQ`F #v :Hb?Qr (kj)- M/ i?2 >B;;b K2+?MBbK- /2p2HQT2/ #v p`BQmb mi?Q`b
(RR- Rk- k9- k8)X Aib TQi2MiBH iF2b i?2 7Q`K Q7  +QKTH2t b+H` φ4 BMi2`+iBQM,
V (H) = −µ2H†H + 1
4
λ(H†H)2 . UkXkV
h?Bb TQi2MiBH ?b i?2 7KBHB` ǳJ2tB+M ?iǴ b?T2- M/ i?mb 7BHb iQ ?p2  KBMBKmK
i H = 0c i?mb H Q#iBMb  MQM@x2`Q p+mmK 2tT2+iiBQM pHm2 Uo1oVX aBM+2 H
i`Mb7Q`Kb mM/2` i?2 al(2) bvKK2i`v- i?Bb bvKK2i`v Bb bTQMiM2QmbHv #`QF2M, i?2
#`2FBM; Tii2`M Bb al(2)L × l(1)Y → l(1)Q Ur?2`2 bm#b+`BTib ?p2 #22M //2/ iQ
+H`B7v i?i #Qi? ?vT2`+?`;2 M/ r2F BbQbTBM `2 #`QF2M- H2pBM; 2H2+i`B+ +?`;2VX
:QH/biQM2Ƕb i?2Q`2K (ke) i2HHb mb i?i i?Bb #`2FBM; rBHH `2r`/ mb rBi? i?`22 :QH/@
biQM2 #QbQMb- r?B+? pB i?2 >B;;b K2+?MBbK `2 +QMbmK2/ #v i?2 q± M/ w #QbQMb
iQ #2+QK2 i?2B` HQM;Bim/BMH /2;`22b Q7 7`22/QKc i?Bb i?2M HHQrb i?2 ;m;2 #QbQMb iQ
#2+QK2 KbbBp2X GQQFBM; HbQ i i?2 umFr BMi2`+iBQMb- r2 +M b22 i?i QM+2 i?2
#`QF2M bvKK2i`v ?b ;Bp2M H  MQM@x2`Q o1o- i?2M i?2b2 BMi2`+iBQMb ;Bp2  Kbb
i2`K iQ i?2 aiM/`/ JQ/2H 72`KBQM }2H/bX  /2iBH2/ i`2iK2Mi Q7 r?v i?Bb Bb bQ Bb
/272``2/ iQ  i2ti#QQF QM Z6h U7Q` 2tKTH2 (kd)VX
GQQFBM; #+F i H- r2 MQiB+2 i?i Q7 i?2 7Qm` /2;`22b Q7 7`22/QK Bi ?/- QMHv i?`22
?p2 #22M #bQ`#2/ #v q± M/ wc i?Bb H2p2b QM2 7mM/K2MiH KbbBp2 b+H` rBiBM;
iQ #2 /2i2+i2/X Ai Bb i?Bb T`2/B+iBQM Q7 M //BiBQMH #QbQM i?i H2/ iQ i?2 b2`+? 7Q`
QM2 i i?2 G>*c i?2 /Bb+Qp2`v Q7  T`iB+H2 +QMbBbi2Mi rBi? i?2b2 T`QT2`iB2b Bb  bi`QM;
BM/B+iBQM i?i i?2 i?2Q`v Bb 2Bi?2` +Q``2+i Q` p2`v +HQb2 iQ i?2 K`FX //BiBQMHHv- i?2
rQ`F Q7 i?2 S`iB+H2 .i ;`QmT (R3) +QHHi2b Qp2` kd-yyy BM/2T2M/2Mi K2bm`2K2Mib
7`QK 2tT2`BK2Mib +`Qbb i?2 THM2i- HH Q7 r?B+? `2 BM ;`22K2Mi rBi? i?2 T`2/B+iBQMb
Q7 i?2 aiM/`/ JQ/2H- KMv rBi? 2ti`2K2Hv ?B;? T`2+BbBQMX
kXRXk S`Q#H2Kb rBi? i?2 aiM/`/ JQ/2H
A7 r2 ?p2  i?2Q`v b ;QQ/ b Bb bm;;2bi2/ #v i?2 2M/ Q7 i?2 Hbi b2+iBQM- i?2M r2 7+2
M Q#pBQmb [m2biBQM, r?v rQmH/ r2 #2 BM M22/ Q7  `2TH+2K2Mi\ h?2 KQbi Q#pBQmb
QKBbbBQM 7`QK i?2 aiM/`/ JQ/2H Bb i?2 H+F Q7 Mv i`2iK2Mi Q7 ;`pBivX Hi?Qm;?
i?Bb Bb M Bbbm2 7Q`  7mM/K2MiH i?2Q`v Q7 Mim`2- BM T`+iB+2- i?Bb ?b MQi T`Qp2/
iQQ H`;2  T`Q#H2K 7Q` mM/2`biM/BM; 2tT2`BK2MiH `2bmHibX HH ++2bbB#H2 T?vbB+b +M
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kX h>1 ahL._. JP.1G L. LPo1G ah_PL: ALh1_*hAPLa
#2 2tTHBM2/ #v +QMbB/2`BM; i?2 aJ rBi? MQ ;`pBiv- M/ i?2M mbBM; +HbbB+H ;`pBiv
Q` ;2M2`H `2HiBpBiv UM/ K+`Qb+QTB+ aJ `2bmHibV i H`;2` b+H2bX h?2 T`Q#H2Kb
`2KBMBM; `2 2tQiB+ bBimiBQMb r?B+? r2 +MMQi U+m``2MiHvV T`Q#2 2tT2`BK2MiHHv- M/
 `i?2` KQ`2 7mM/K2MiH T`Q#H2K FMQrM b i?2 ?B2``+?v T`Q#H2KX
qQ`FBM; QM i?2 bbmKTiBQM i?i i?2`2 Bb  +QMbBbi2Mi i?2Q`v 2tTHBMBM; HH 7mM/@
K2MiH 7Q`+2b U2p2M i?Qm;? r2 /QMǶi FMQr BiV- r2 2tT2+i Bi iQ ǳbrBi+? QMǴ i bQK2 b+H2X
q2 FMQr i?i i?Bb Kmbi #2 i Q` #2HQr i?2 SHM+F b+H2 U∼ 1019 :2oV- bBM+2 i?Bb Bb
r?2`2 [mMimK }2H/ i?2Q`v BM ;2M2`H #`2Fb /QrMX A7 r2 bbmK2 i?i MQ M2r T?vbB+b
Q++m`b #2ir22M 1qa" M/ i?2 SHM+F b+H2- i?2M r2 }M/ Qm`b2Hp2b rBi?  T`Q#H2K,
i?2 Kbb Q7 i?2 >B;;b `2[mB`2/ iQ KF2 i?2 aiM/`/ JQ/2H +QMbBbi2Mi rBi? Q#b2`p2/
`2bmHib UMQi iQ K2MiBQM i?2 QM2 Q#b2`p2/V Bb KMv Q`/2`b Q7 K;MBim/2 bKHH2` i?M
i?2 QMHv b+H2 r2 ?p2 iQ rQ`F rBi?- i?2 SHM+F b+H2X am+?  T`Q#H2K Bb `272``2/ iQ b
 ?B2``+?v T`Q#H2KX >BbiQ`B+HHv- r?2M BM+QMbBbi2M+B2b BM  rQ`FBM; i?2Q`v ?p2 #22M
7QmM/- i?2v ?p2 #22M bQHp2/ #v +QMD2+im`BM; UM/- BM ;2M2`H- bm#b2[m2MiHv /Bb+Qp2`@
BM;V M2r T?vbB+b UrBi? bbQ+Bi2/ M2r b+H2bV- M/ Bi b22Kb `2bQM#H2 i?i BM i?2 KMv
Q`/2`b Q7 K;MBim/2 i?i `2 mM2tTHQ`2/- bQK2 M2r T?vbB+b HB2b rBiBM; iQ #2 7QmM/X
h?2 Qi?2` `2KBMBM; Bbbm2 Bb i?i Q7 i?2 }p2 i2`Kb BM 2[X UkXRV- i?2 kd-yyy K2bm`2@
K2Mib K2MiBQM2/ #Qp2 HH `2Hi2 iQ i?2 }`bi irQX h?2 `2KBMBM; i?`22ěHH `2HiBM; iQ
i?2 >B;;b b2+iQ`- r?B+? Bb MQi `2T`2b2Mi2/ BM i?2 irQ i2`Kb i?i ?p2 #22M T`Q#2/ě
`2 2bb2MiBHHv mMi2bi2/X qBi? i?2 /Bb+Qp2`v Q7 i?2 >B;;b i i?2 G>*- 2tT2`BK2Mi rBHH
?QT27mHHv #2 #H2 iQ #2;BM TmiiBM; #QmM/b QM i?2KX hQ i?Bb 2M/- Bi Bb T`m/2Mi iQ /2@
p2HQT  p`B2iv Q7 Hi2`MiBp2 i?2Q`B2b Ui?i H2p2 i?2 Q#b2`p2/ `2bmHib mM+?M;2/- Q` i
H2bi rBi?BM 2``Q` #`bV- M/ 2tT2`BK2MiH bB;Mim`2b 7Q` i?2B` +Q``2+iM2bb- bQ i?i i?2v
Kv #2 /BbiBM;mBb?2/X
6Q` i?2b2 `2bQMb Bi Bb BKTQ`iMi iQ HQQF #2vQM/ i?2 i?2Q`v Q7 i?2 aiM/`/ JQ/2H
iQ 2tTHQ`2 i?2 bT+2 Q7 TQbbB#H2 i?2Q`B2b- iQ }M/ KQ/2Hb i?i rBHH bQHp2 i?2b2 T`Q#@
H2KbX h?2`2 `2  MmK#2` Q7 TQTmH` +M/B/i2b- r?B+? ?p2 /2p2HQT2/ Qp2` i?2 Hbi
72r /2+/2b M/ BMbTB`2/ r?QH2 }2H/b Q7 `2b2`+?X h?2v BM+Hm/2 bmT2`bvKK2i`v Ui?2
BMi`Q/m+iBQM Q7  M2r #QbQM@72`KBQM bvKK2i`v- +`2iBM; ǳbmT2`T`iM2`bǴ 7Q` HH aJ
T`iB+H2bV-  i?2Q`v r?B+? ?b T`Qp2M  mb27mH iQQH BM #mBH/BM; iQv KQ/2Hb QmibB/2
Q7 Bib TQi2MiBH 7Q` #2BM; 7QmM/ b M2r T?vbB+b- M/ 2ti`@/BK2MbBQMH KQ/2Hb bm+? b
_M/HHĜamM/`mK Ur?2`2 i?2 mMBp2`b2 b r2 Q#b2`p2 Bi Bb HQ+HBb2/ QM  3+1@/BK2MbBQMH
e
kXk h2+?MB+QHQ`
bHB+2 Q7  ?B;?2`@/BK2MbBQMH bT+2- r?Qb2 /vMKB+b ++QmMi 7Q` mM2tTHBM2/ T?2MQK@
2MVX h?2 rQ`F T`2b2Mi2/ BM i?Bb i?2bBb HQQFb i irQ i?2Q`B2b 7HHBM; BM  +Hbb i?i ?p2
i?2 TQi2MiBH iQ bQHp2 KMv Q7 i?2 aiM/`/ JQ/2HǶb b?Q`i+QKBM;běFMQrM BM ;2M2`H
b h2+?MB+QHQ`R- r?B+? Bb /2b+`B#2/ BM i?2 `2KBM/2` Q7 i?Bb +?Ti2`ěM/ HbQ HQQFb i
i2+?MQHQ;v #2BM; /2p2HQT2/ 7Q` i?2 BMp2biB;iBQM Q7 M2r i?2Q`B2bX
kXk h2+?MB+QHQ`
h2+?MB+QHQ` UbQK2iBK2b ##`2pBi2/ iQ h*V Bb M Hi2`MiBp2 i?2Q`v Q7 1qa" T`QTQb2/
BM/2T2M/2MiHv #v q2BM#2`; (k3- kN) M/ ambbFBM/ (jy) BM RNdNX h?2 +2Mi`H B/2 Bb i?i
`i?2` i?M #`2FBM; pB  7mM/K2MiH b+H` >B;;b- i?2 2H2+i`Qr2F bvKK2i`v Bb
#`QF2M /vMKB+HHv #v i?2 ;2M2`iBQM Q7  o1o 7Q`  +?B`H +QM/2Mbi2 ⟨ψψ⟩ i?`Qm;?
+?B`H bvKK2i`v #`2FBM;X
h?Bb #2?pBQm` +M #2 /2KQMbi`i2/ 2p2M BM Z*.- b rb MQi2/ BM (jR)X h?2 Z*.





a + ψi( /D
m=0
ij −mδij)ψj , UkXjV
r?2`2 F aµν `2 i?2 }2H/ bi`2M;i?b Q7 i?2 ;HmQM }2H/b- r?B+? HB2 BM i?2 /DQBMi `2T`2b2Mi@
iBQM Q7 Z*.Ƕb al(3) ;m;2 ;`QmT- ψi `2 [m`F }2H/b- .B`+ 72`KBQMb BM i?2 7mM/K2MiH
`2T`2b2MiiBQM Q7 i?2 ;m;2 ;`QmT- /Dm=0 Bb i?2 KbbH2bb .B`+ QT2`iQ`- +?`+i2`BbBM;
#Qi? i?2 FBM2iB+ #2?pBQm` Q7 i?2 [m`Fb M/ i?2B` BMi2`+iBQMb rBi? i?2 ;HmQMb- M/ m
Bb i?2 [m`F Kbb Ur?B+? Bb b2i iQ #2 2[mH 7Q` HH ~pQm`b Q7 [m`Fb +QMbB/2`2/VX
A7 r2 /2+QKTQb2 i?2 [m`F }2H/b BMiQ H27i@ M/ `B;?i@?M/2/ +?B`HBiv +QKTQM2Mib
mbBM; i?2 T`QD2+iBQM QT2`iQ`b P_(G) = 12(1 ± γ5)- /2}MBM; ψ_(G) = P_(G)ψ- r?2`2





a + ψGi /D
m=0
ij ψGj + ψ_i /D
m=0
ij ψ_j −m(ψGiψ_i + ψ_iψGi) . UkX9V
LQi2 i?i i?2 QMHv i2`K i?i KBt2b H27i@ M/ `B;?i@?M/2/ bii2b Bb i?2 Kbbc BM i?2
HBKBi Q7 KbbH2bb [m`Fb i?2M i?2 bii2b `2 BM/2T2M/2Mi- M/ i?2 G;`M;BM Bb BMp`BMi
Rai`B+iHv bT2FBM;- i?2 MK2 ǳh2+?MB+QHQ`Ǵ TTHB2b QMHv iQ i?2 }`bi i?2Q`v /2b+`B#2/ BM i?2 M2ti
b2+iBQM- i?2 `2Hi2/ 7KBHv Q7 i?2Q`B2b #2BM; T`QT2`Hv +HH2/ ǳbi`QM;Hv BMi2`+iBM; "aJ /vMKB+bǴ Q`
bBKBH`c ?Qr2p2`- i?2 MK2 h2+?MB+QHQ` ?b HbQ bim+F b  bHB;?iHv mM7Q`imMi2 MK2 7Q` i?2 7KBHv-
/m2 iQ Bib b?Q`i2` H2M;i? i?M i?2 Hi2`MiBp2- M/ Bi rBHH #2 mb2/ b bm+? i?`Qm;?Qmi i?Bb rQ`FX
d
kX h>1 ahL._. JP.1G L. LPo1G ah_PL: ALh1_*hAPLa
mM/2` l(N7) ~pQm` i`Mb7Q`KiBQMb TTHvBM; BM/2T2M/2MiHv iQ H27i@ M/ `B;?i@?M/2/
+QKTQM2Mib,
ψG(_)i *→ ψ′G(_)i = UG(_)ij ψG(_)j , UG(_) ∈ l(N7) , UkX8V
r?B+? ;Bp2b M Qp2`HH bvKK2i`v ;`QmT l(N7) × l(N7)X q2 Kv bTHBi Qmi l(1) +QK@
TQM2Mib 7`QK i?2 ;`QmTb- M/ i?2M iF2 HBM2` +QK#BMiBQMb o = _ + G-  = _ − G-
iQ ;Bp2  iQiH ;HQ#H bvKK2i`v ;`QmT Q7 al(2)G × al(2)_ ×l(1)o ×l(1)- r?2`2 r2
?p2 MQr `2bi`B+i2/ Qm`b2Hp2b iQ +QMbB/2`BM; irQ [m`F ~pQm`bX
i  [mMimK H2p2H- i?2 l(1) Bb bm#D2+i iQ i?2 r2HH@FMQrM tBH MQKHv Ub22-
7Q` 2tKTH2- (jk- jj)- Q` Mv `2+2Mi Z6h i2ti#QQF- 7Q` BMbiM+2 (j9)V- `2/m+BM; i?2
bvKK2i`v iQ al(2)G × al(2)_ × l(1)oX "mi B7 r2 i?2M KQp2 iQ bi`QM; +QmTHBM;-
i?2M i?2 p+mmK rBHH bTQMiM2QmbHv T`Q/m+2 [m`F@MiB[m`F TB`b- ;BpBM;  o1o iQ
i?2 72`KBQMB+ +QM/2Mbi2ěr?B+? #v +QKT`BbQM rBi? 2[miBQM UkX9V r2 b22 #`2Fb i?2
+?B`H bvKK2i`v, QMHv i?2 p2+iQ`BH bm#;`QmT `2KBMb- b al(2)G× al(2)_ → al(2)oX
hQ +QMM2+i i?Bb rBi? 1qa"- r2 ;m;2 i?2 al(2)G × l(1)Y bm#;`QmT Q7 al(2)G ×
al(2)_Rc MQr i?2 +?B`H bvKK2i`v #`2FBM; Tii2`M Bb al(2)G × l(1)Y → l(1)QX
aBM+2 r2 ?p2 #`QF2M  ;m;2 `i?2` i?M  ;HQ#H bvKK2i`v- i?2 :QH/biQM2 #QbQMb
`2 #bQ`#2/ BMiQ i?2 ;m;2 #QbQMb b BM i?2 7mM/K2MiH >B;;b +b2X
AM 7+i- Z*. /Q2b +QmTH2 iQ i?2 2H2+i`Qr2F b2+iQ` BM i?Bb KMM2`- M/ Bib +?B`H
bvKK2i`v #`2FBM; ;Bp2b  +QMi`B#miBQM iQ i?2 Kbb2b Q7 q± M/ wc mM7Q`imMi2Hv i?Bb
+QMi`B#miBQM Bb /2+B/2/Hv bKHH- bQ r2 Kmbi HQQF iQ Qi?2` i?2Q`B2b iQ #`2F 1qa" M/
;2M2`i2 i?2 `2KBM/2` Q7 i?2 KbbX
*QMbTB+mQmb #v Bib #b2M+2 ?2`2 Bb i?2 `2bB/mH b+H` bii2 b22M BM i?2 +b2 Q7 1qa"
#v M 2H2K2Mi`v >B;;bc ;Bp2M i?2 `2+2Mi /Bb+Qp2`v Q7 bm+?  bii2 i i?2 G>* r2 `2
T`QKTi2/ iQ [m2biBQM i?2 pHm2 Q7 h2+?MB+QHQ` b  i?2Q`v- bBM+2 Bi TT2`b BM+QKTiB#H2
rBi? i?Bb /Bb+Qp2`vX q2 rBHH b22 BM i?2 +QKBM; b2+iBQMb ?Qr i?Bb T`iB+mH` #mHH2i Bb
/Q/;2/X
kXkXR "2vQM/ Z*., S?b2b Q7 al(N) :m;2 h?2Q`B2b
GQQFBM; #+F i i?2 Z*. G;`M;BM U2[miBQM UkXjVV- r2 +M b22  MmK#2` Q7 T`K2@
i2`b i?i b22K ?p2 #22M ǳb2iǴ iQ ;2i i?Bb i?2Q`v- r?B+? +QmH/ #2 Hi2`2/ iQ ;Bp2  i?2Q`v
Rh?2 l(1)Y Bb ;2M2`i2/ #v i?2 i?B`/ ;2M2`iQ` Q7 al(2)_- iQ +QMM2+i iQ i?2 2H2+i`Qr2F +?B`H
G;`M;BM (R- j8- je)X
3
kXk h2+?MB+QHQ`
HvBM; ǳ#2vQM/Ǵ Z*.c i?2 KQbi TT`2Mi `2 i?2 ;m;2 ;`QmT Ur?B+? +QmH/ #2 Hi2`2/
iQ MQi?2` al(N) ;`QmT- Q` bQK2 Qi?2` ;`QmT 2MiB`2HvV- i?2 MmK#2` Q7 72`KBQMb- M/
i?2 72`KBQM `2T`2b2MiiBQM Ur?v MQi  ǳ?B;?2`Ǵ `2T`2b2MiiBQM\VX Ai Bb i?Bb T`K2i2`
bT+2 i?i Bb #2BM; 2tTHQ`2/ iQ HQQF 7Q` TQi2MiBH h2+?MB+QHQ` i?2Q`B2bc iQ i?Bb 2M/- Bi Bb
BKTQ`iMi iQ mM/2`biM/ i?2 T`QT2`iB2b Q7 ;m;2 i?2Q`B2b BM p`BQmb `2b Q7 i?Bb bT+2X
h?Bb T?b2 bT+2 rb 2tTHQ`2/ T2`im`#iBp2Hv- i H2bi 7Q` al(N) i?2Q`B2b- #v .B2i@
`B+? M/ aMMBMQ BM (jd)- Q7 r?Qb2 `2bmHib A rBHH bmKK`Bb2 bQK2 ?2`2X h?2 2tTHMiBQM
`2HB2b mTQM i?2 _2MQ`KHBbiBQM :`QmT U_:V #2i@7mM+iBQM β(g)- M/ i?2 MQKHQmb
/BK2MbBQM Q7 i?2 +?B`H +QM/2Mbi2 γ∗- r?B+? `2 /2}M2/ b,
β(g) =
∂g










r?2`2 µ Bb i?2 _: b+H2X i β(g) = 0- i?2 i?2Q`v ?b M _: }t2/ TQBMiX
h?2 irQ@HQQT #2i@7mM+iBQM Q7  ;2M2`H MQM@#2HBM ;m;2 i?2Q`v- rBi? 72`KBQMB+
Kii2` BM bQK2 `2T`2b2MiiBQM Q7 al(N) H#2H2/ _ iF2b i?2 7Q`K (j3),










3 C2(:)− 43T (_) UkXNV
(2N)2β1 =
34
3 (C2(:))2 − 203 C2(:)T (_)− 4C2(_)T (_) , UkXRyV
r?2`2 BM im`M- C2(_) Bb i?2 [m/`iB+ *bBKB` QT2`iQ` Q7 i?2 `2T`2b2MiiBQM _ UrBi?
: `272``BM; iQ i?2 /DQBMiV- M/ T (_) Bb i?2 i`+2 MQ`KHBbiBQM 7+iQ` 7Q` i?i `2T`2@
b2MiiBQMc 7Q` N7 ~pQm`b-
2NXa_X
a
_ = C2(_) UkXRRV
N7C2(_) /BK(_) = T (_) /BK(:) . UkXRkV
Xa_ `272`b iQ i?2 i?2 ;2M2`iQ`b Q7 i?2 ;`QmT BM i?2 `2T`2b2MiiBQM _c 2[miBQM UkXRkV
Bb /2`Bp2/ BM CQM2b (jN)- M/ /BK(_) `272`b iQ i?2 /BK2MbBQM Q7 i?2 `2T`2b2MiiBQMX
N
kX h>1 ahL._. JP.1G L. LPo1G ah_PL: ALh1_*hAPLa
UV *QM}MBM; U#V L2`@+QM7Q`KH
U+V *QM7Q`KH U/V bvKTiQiB+ 7`22/QK HQbi
6B;m`2 kXR, aF2i+?2b Q7 i?2 β 7mM+iBQM BM 2+? Q7 i?2 `2;BQMb /Bb+mbb2/ BM i?2 i2tiX
h?mb b i?2 MmK#2` Q7 ~pQm`b Bb `Bb2/- i?2 b?T2 Q7 i?2 β 7mM+iBQM +?M;2bX #Qp2
bQK2 pHm2 Q7 N7- r?B+? .B2i`B+? M/ aMMBMQ `272` iQ b N A7 [_]- i?2 bB;M Q7 β0 +?M;2b
7`QK M2;iBp2 iQ TQbBiBp2- ;BpBM;  i?2Q`v r?B+? MQ HQM;2` ?b bvKTiQiB+ 7`22/QKX "v
`2``M;BM; UkXNV- r2 b22





r?B+? +M #2 BKK2/Bi2Hv b22M iQ ?p2  }t2/ pHm2 Q7 11/4 7Q` i?2 /DQBMi `2T`2b2Mi@
iBQMX J2Mr?BH2 KQpBM; 7`QK i?2 Qi?2` /B`2+iBQM- r2 +M b22 i?i i MQi?2` pHm2 Q7
N7- r?B+? .B2i`B+? M/ aMMBMQ +HH N AAA7 [_]- i?2 β0 M/ β1 i2`Kb rBHH +M+2H- `2bmHiBM;
BM  +QM7Q`KH }t2/ TQBMi }`bi /Bb+mbb2/ #v *br2HH (j3)- M/ Hi2` #v "MFb M/ wFb
(9y)X
>Qr2p2`- r?2i?2` i?Bb +QM7Q`KH }t2/ TQBMi +M #2 `2+?2/ /2T2M/b QM MQi?2`
7+iQ`- TQBMi2/ Qmi #v (9R- 9k) M/ /Bb+mbb2/ BM i?2 M2ti b2+iBQM, i?2 `2HiBp2 Q`/2` Q7
Ry
kXk h2+?MB+QHQ`
α∗ěi?2 pHm2 Q7 i?2 +QmTHBM; +QMbiMi r?2`2 i?2 }t2/ TQBMi Bb 2M+QmMi2`2/ěM/ α+ě
r?2`2 +?B`H bvKK2i`v #`2FBM; Q++m`bX GQQFBM; i i?2 _: ~Qr iQ i?2 A_- B7 i?2 }t2/
TQBMi i α∗ Bb `2+?2/ }`bi- i?2M i?2 +QmTHBM; 7`22x2b- bQ α+ rBHH M2p2` #2 `2+?2/- M/
+?B`H bvKK2i`v rBHH MQi #`2FX J2Mr?BH2- B7 α+ Bb `2+?2/ }`bi- i?2M +?B`H bvKK2i`v
#`2Fb M/ i?2 72`KBQMb /2+QmTH2c i?2 H+F Q7 b+`22MBM; #v 72`KBQMb iQ +QmMi2`+i i?2
MiBb+`22MBM; Q7 ;m;2 #QbQMb T`2p2Mib i?2 }t2/ TQBMi 7`QK #2BM; `2+?2/X h?2 TQBMi
i r?B+? i?2 `2HiBp2 Q`/2` +?M;2b Bb `272``2/ iQ #v .B2i`B+? M/ aMMBMQ b N AA7 [_]X
hQ bmKK`Bb2- rQ`FBM; 7`QK ?B;? iQ HQr N7- r2 ?p2  `2;BQM rBi?Qmi bvKTiQiB+
7`22/QK- i?2M M A_@+QM7Q`KH `2;BQM rBi?  "w }t2/ TQBMi- i?2M  +QM}MBM; `2;BQM-
r?B+? BMBiBHHv ?b  "w }t2/ TQBMi i?i Bb HKQbi `2+?2/c i?2 +HQb2` N7 Bb iQ N AA7 [_]-
i?2 +HQb2` i?2 i?2Q`v ;2ib iQ i?2 }t2/ TQBMiX h?Bb Bb BHHmbi`i2/ BM };m`2 kXkX h?2 M2`@
+QM7Q`KH `2;BQM Bb- b Bi KB;?i TT2`- i?2 `2;BQM i?i Bb +HQb2 iQ i?2 +QM7Q`KH rBM/Qr
#mi MQi BMbB/2 Bic i?Bb rBHH +QK2 BMiQ THv BM i?2 /Bb+mbbBQM Q7 qHFBM; h2+?MB+QHQ` BM 
Hi2` M2ti b2+iBQMX
6B;m`2 kXk,  +`iQQM b?QrBM; i?2 +b2b Q7 i?2Q`v QM2 2M+QmMi2`b b N7 Bb p`B2/X
kXkXk G//2`b M/ _BM#Qrb
AM i?2 T`2pBQmb b2+iBQM A /Bb+mbb2/ i?2 M22/ iQ b+2`iBM r?2`2 α∗ = α+ BM Q`/2` iQ }M/










α+- K2Mr?BH2- `2[mB`2b  HBiiH2 KQ`2 rQ`FX q2 +M }M/ Bi #v KFBM; mb2 Q7 i?2
a+?rBM;2`@.vbQM Ua.V 2[miBQM 7Q` i?2 72`KBQM T`QT;iQ`- r?B+? 7Q` KbbH2bb Z*.









ν(q; p) , UkXR8V
r?2`2 Λ Bb i?2 `2;mH`BbiBQM b+H2- Dµν(k) i?2 /`2bb2/ `2MQ`KHBb2/ ;HmQM T`QT;@
iQ`- M/ Γaν(q; p) Bb i?2 `2MQ`KHBb2/- /`2bb2/ p2`i2t i2`KX b Bb Hrvb i?2 +b2 BM
RR
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UV _BM#Qr U#V G//2`
6B;m`2 kXj, 1tKTH2b Q7 `BM#Qr M/ H//2` /B;`Kb- r?B+? `2 i?2 #bBb Q7 i?2 `BM@
#QrfH//2` TT`QtBKiBQMX h?2b2 `2 2[mBpH2Mi MmK2`B+HHvc i?2 irQ b?T2b ;Bp2 `Bb2 iQ
i?2 +QKKQM MK2b ;Bp2M iQ i?2 TT`QtBKiBQMX
T2`im`#iBQM i?2Q`v- i?2 T`QT;iQ` Bb /`2bb2/ #v HQQT +Q``2+iBQMb- r?B+? `2 i?2K@
b2Hp2b /`2bb2/- BM  `2+m`bBp2 KMM2`X h?2 i/p +QMi`B#miBQM Bb 7`QK i?2 #`2 72`KBQM
T`QT;iQ`- M/ i?2 b2+QM/ i2`K //b i?2 /`2bbBM;c ?2`2 r2 b22 i?2 `2+m`bBQM BM SX
q?2M /`2bb2/- i?2 72`KBQM T`QT;iQ` Kv #2 r`Bii2M b,
S(p) =
i
Z(p)/p− Σ(p) , UkXReV
r?2`2 Σ(p) Bb i?2 b2H7@2M2`;v Q7 i?2 72`KBQM- M/ Z(p) i?2 rp2 7mM+iBQM `2MQ`KHB@
biBQMc ?Qr2p2`- BMb2`iBM; i?Bb BMiQ UkXR8V /Q2b MQi bQHp2 i?2 `2+m`bBQM T`Q#H2KX h?2
/`2bbBM; Kmbi #2 TT`QtBKi2/ iQ KF2 i?2 MHvbBb i`+i#H2- r?BHbi `2iBMBM; i?2
BMi2`2biBM; T?vbB+bX h?Bb +M #2 /QM2 #v KFBM; mb2 Q7 #v i?2 ǳ`BM#QrǴ Q` ǳH//2`Ǵ
TT`QtBKiBQMc i?2b2 `272` iQ i?2 bK2 TT`QtBKiBQM- /`rM BM irQ /Bz2`2Mi rvb-
b b?QrM BM };m`2 kXj- r?B+? rb }`bi mb2/ BM i?2 +QMi2ti Q7 Z1. BM (9j)X h?Bb T@
T`QtBKiBQM `2TH+2b i?2 /`2bb2/ ;HmQM T`QT;iQ` M/ p2`i2t i2`K #v i?2B` i`22@H2p2H
pHm2b- r?B+? r?2M +QK#BM2/ rBi? UkXReV HHQrb +QmTH2/ 2[miBQMb 7Q` Z(p) M/ Σ(p)











h?Bb Bb Q#pBQmbHv biBHH `2+m`bBp2- #mi QMHv BM Σ- 7Q` r?B+? r2 Kv bQHp2 MHviB+HHvX
h?2 +`BiB+H +b2 Bb iF2M iQ #2 i?i r?2`2 i?2 MQKHQmb /BK2MbBQM Q7 i?2 +QM/2Mbi2






LQr #v 2[miBM; 2[miBQMb UkXR9V M/ UkXR3V r2 ``Bp2 i M 2biBKi2 7Q` i?2 HQr2`
2M/ Q7 i?2 +QM7Q`KH rBM/Qr- N AA7 [_],




10C2(:) + 30C2(_) . UkXRNV
LQi2 i?i i?Bb 2biBKi2 ?b #22M Q#iBM2/ #v +QK#BMBM; irQ /Bz2`2Mi TT`QtBKiBQMb,
T2`im`#iBQM i?2Q`v- M/  i`mM+iBQM Q7 i?2 a+?rBM;2`@.vbQM 2[miBQMc i?2`27Q`2- Bi
b?QmH/ QMHv #2 iF2M b M [mHBiiBp2 BM/B+iBQMX  [mMiBiiBp2- T`2+Bb2 T`2/B+iBQM
rQmH/ `2[mB`2  }`bi@T`BM+BTH2b MQM@T2`im`#iBp2 TT`Q+?, i?Bb Bb QM2 Q7 i?2 bm#D2+ib
Q7 +m``2Mi `2b2`+? BM i?2 }2H/- b rBHH #2 QmiHBM2/ #2HQrX
kXkXj 1ti2M/2/ M/ qHFBM; h2+?MB+QHQ`
q2 MQiB+2/ T`2pBQmbHv i?i i?2 KQbi #bB+ h2+?MB+QHQ` i?2Q`B2b 7BH iQ ;Bp2  b+H` bii2
+Q``2bTQM/BM; rBi? i?2 >B;;b #QbQMc ?Qr2p2`- i?2`2 Bb HbQ MQi?2` T`Q#H2K i?i M22/b
//`2bbBM;, mMHBF2 i?2 2H2K2Mi`v >B;;b- i?2 i2+?MB[m`Fb /Q MQi ?p2 Mv +QmTHBM;b
iQ i?2 aJ 72`KBQMb- M/ bQ 1qa" /Q2b MQi ;2M2`i2 Mv Kbb2b 7Q` i?2KX h?Bb
T`Q#H2K +M #2 bQHp2/ #v BMi`Q/m+BM;  M2r ;m;2 ;`QmT- rBi? #Qi? aJ 72`KBQMb
M/ i2+?MB[m`Fb +?`;2/ mM/2` Bic i?Bb Bb `272``2/ iQ b 1ti2M/2/ h2+?MB+QHQ` U1h*V-










+ . . . , UkXkyV
r?2`2 7Q` i?2 Tm`TQb2b Q7 +H`Biv BM i?Bb b2+iBQM- Ψ `2T`2b2Mib i?2 i2+?MB72`KBQMb- M/ ψ
i?2 aiM/`/ JQ/2H 72`KBQMbc T a `2 i?2 ;2M2`iQ`b Q7 i?2 ~pQm` bvKK2i`B2b- M/ a, b
BM/B+2b `272` iQ i?2 ~pQm` b2+iQ`- /2i2`KBMBM; i?2 T`2+Bb2 Mim`2 Q7 i?2 1h* i?2Q`v BM
[m2biBQMX GQQFBM; i i?2 b2+QM/ i2`K- Bi 2pB/2MiHv KBt2b aJ M/ i2+?MB72`KBQMbc i








r?B+? T`QpB/2b i?2 72`KBQMb rBi?  KbbX LQr- bBM+2 i?2 β +Q2{+B2Mi `2bmHib 7`QK
irQ mM/2`HvBM; p2`iB+2b BM i?2 1h* i?2Q`v- M/ i?i 〈ΨΨ〉 ∼ Λ3h*- i?2 `2bmHiBM; aJ
Rj
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//BiBQMHHv- B7 r2 +QMbB/2` i?2 TQbbB#BHBiv i?i `i?2` i?M QM2 1h* #`2FBM; b+H2-
i?2`2 `2 BMbi2/ i?`22- i?2M r2 +M b22  Mim`H rv BM r?B+? i?2 i?`22 ;2M2`iBQMb Q7
i?2 aiM/`/ JQ/2H 72`KBQMb KB;?i `Bb2ěi?2 i?`22 ;2M2`iBQMb Q7 [m`Fb M/ H2TiQMb
2+? ?p2 bm++2bbBp2Hv ?B;?2` Kbb2b- r?B+? `2 MQr 2+? bbQ+Bi2/ rBi?  b2T`i2
#`2FBM; b+H2X h?Bb K2+?MBbK Bb `272``2/ iQ b imK#HBM; (9e)X
h?2 α i2`Kb- K2Mr?BH2- ;Bp2 Kbb2b iQ :QH/biQM2 #QbQMb `BbBM; 7`QK i?2 #`2FBM;
i?i `2MǶi +QMbmK2/ #v i?2 ;m;2 #QbQMbc BM i?2 #b2M+2 Q7 i?Bb i2`K- i?2B` Kbb2b
rQmH/ #2 bm{+B2MiHv bKHH i?i r2 rQmH/ 2tT2+i iQ ?p2 Q#b2`p2/ i?2K (98- 9d)ě
r?B+? r2 ?p2 MQi (R3)ěM/ i?2 i?2Q`v rQmH/ #2 `mH2/ QmiX >Qr2p2`- HQQFBM; i i?2
γ i2`K r2 }M/ r2 ?p2 BMi`Q/m+2/ HKQbi b KMv T`Q#H2Kb b r2Ƕp2 bQHp2/- bBM+2
r2Ƕp2 //2/  M2r b2i Q7 +QmTHBM;b #2ir22M i?2 aJ 72`KBQMb- r?B+? HHQrb 7Q` ~pQm`@
+?M;BM; M2mi`H +m``2Mib U6*L*bVX 6*L*b `2 ?B;?Hv +QMbi`BM2/ BM Q#b2`piBQMbc 
b2+iQ` i?i T`QpB/2b /2}MBiBp2 HBKBib Bb i?i Q7 i?2 M2mi`H FQMb- r?2`2 i?2 E0 M/
E0 bii2b KBt- ;BpBM; Kbb 2B;2Mbii2b E0a M/ E0GX h?2 Kbb bTHBiiBM; Bb M BM/B+iQ`
Q7 i?2 /2;`22 iQ r?B+? 6*L*b `2 T2`KBii2/- bBM+2 i?2 KBtBM; Q7 bii2b Bb bmTT`2bb2/
#v  +M+2HHiBQM #2ir22M ;2M2`iBQMb Q7 [m`FbX A7 r2 iF2 1h* b i?2 +mb2 Q7 Mv








r?2`2 fE ≈ 113J2o Bb i?2 FQM /2+v +QMbiMi (R3- 93)X 1tT2`BK2MiHHv i?2 bTHBiiBM;
Bb Q#b2`p2/ iQ #2 ∆mE = (3.484±0.006)×10−12- r?B+? Tmib i?2 HQr2` #QmM/ QM Λ1h*
i
Λ1h* # 103 h2o . UkXk9V
h?2 E0 K2bQM +QMbBbib Q7 bi`M;2 M/ MiB bi`M;2- bQ E0@E0 bvbi2K TH+2b HBKBib QM
;2M2`iBQM Q7 i?2 bi`M;2 [m`F Kbbc ?Qr2p2`- i?2 KQbi `2+2Mi 2tT2`BK2MiH /i HbQ
HHQrb  bBKBH` #QmM/ iQ `Bb2 7Q` i?2 .0@.0 bvbi2KX aBM+2 i?2 .0 +QMbBbib Q7 +?`K
M/ MiB+?`K- i?2 #QmM/ MQr TTHB2b iQ i?2 ;2M2`iBQM Q7 i?2 +?`K Kbbc M/ b i?2
+?`K Bb Km+? ?2pB2` i?M i?2 bi`M;2- i?2 T`Q#H2K Bb 2M?M+2/ (9N)X
R9
kXk h2+?MB+QHQ`
h?Bb +QMbi`BMb i?2 72`KBQM Kbb2b iQ #2 Q7 i?2 Q`/2` 1F2o- r?B+? Bb 7` bKHH2` i?M
Mv Q7 i?2 aJ 72`KBQM Kbb2b bp2 7Q` i?2 M2mi`BMQbX q2 ?p2 i?mb +`2i2/  i2MbBQM
#2ir22M irQ /Bz2`2Mi Q#b2`piBQMb, i?i i?2 aJ 72`KBQMb ?p2 Kbb2b r2HH #Qp2 1F2o-
M/ i?i 6*L*b `2 ?B;?Hv +QMbi`BM2/ #v- 7Q` BMbiM+2- i?2 M2mi`H FQM bvbi2Kc r2
rQmH/ i?2`27Q`2 HBF2 iQ }M/ bQK2 rv Q7 /2+QmTHBM; i?2 K2+?MBbKb +QMi`QHHBM; i?2b2
irQ T?2MQK2MX h?Bb K2+?MBbK im`Mb Qmi iQ #2 QM2 FMQrM b rHFBM;- BMi`Q/m+2/ BM
(8yĜ8k)- r?2`2 i?2 +QmTHBM; `mMb p2`v bHQrHv BM i?2 `2;BQM Q7  }t2/ TQBMi i?i Bb MQi
[mBi2 `2+?2/X h?Bb HHQrb i?2 1h* b+H2 UM/ ?2M+2 i?2 bmTT`2bbBQM Q7 6*L*bV iQ #2
imM2/ BM/2T2M/2MiHv Q7 i?2 aJ 72`KBQM Kbb2bX
hQ b22 i?Bb- HQQF #+F i 2[miBQMb UkXkRV M/ UkXkkVX AM i?2 Hii2`- r2 ?p2 +H+m@
Hi2/ i?2 +?B`H +QM/2Mbi2 i i?2 h* b+H2c ?Qr2p2`- BM 7+i r2 M22/ iQ /Q bQ i i?2
















LQr- Z*.@HBF2 i?2Q`B2b ?p2 bKHH γ∗- bBM+2 i?2B` +QmTHBM;b `mM [mB+FHv iQ x2`Q BM
i?2 loěH2pBM; mb rBi? i?2 bK2 T`Q#H2Kb r2 ?/ irQ T`;`T?b ;QX >Qr2p2`- r2
K2MiBQM2/ BM i?2 T`2pBQmb b2+iBQM 7Q` i?i i?2Q`B2b i Q` M2` i?2 HQr2` 2/;2 Q7 i?2
+QM7Q`KH rBM/Qr- i?2 MQKHQmb /BK2MbBQM Q7 i?2 +?B`H +QM/2Mbi2 Bb γ∗ ≈ 1c B7 r2
HQQF 7Q`  i?2Q`v r?2`2 i?2 +QmTHBM; Bb `Qm;?Hv +QMbiMi UBX2X `mMMBM; p2`v bHQrHv- Q`














M/ r2 b22 i?i r2 ?p2 +?B2p2/ Qm` BK, r?BH2 i?2 6*L*b `2 biBHH +QMi`QHH2/ #v
Λ1h*- i?2 72`KBQM Kbb Bb +QMi`QHH2/ #v Λ1h*Λh* c #v +?QQbBM;  H`;2 Λ1h* M/  bKHH
Λh*- r2 Kv biBb7v #Qi? +QMbi`BMibX
qHFBM; Bb +QMD2+im`2/ iQ Q++m` BM i?2Q`B2b HvBM; BKK2/Bi2Hv #2HQr i?2 HQr2` 2M/
Q7 i?2 +QM7Q`KH rBM/Qr Ui?2 bK2 `2;BQM b r2 2tT2+i γ∗ ≈ 1V- BM/B+i2/ #v i?2 ``Qr
BM };m`2 kXkX b QM2 +M b22 BM };m`2 kXR#- i?2 BM7``2/ }t2/ TQBMi Q7 i?2 +QM7Q`KH
i?2Q`v Bb TT`Q+?2/ #mi MQi [mBi2 `2+?2/- H2/BM; iQ i?2 rHFBM; #2?pBQm`X
R8
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kXkX9 h2+?MBb+H`b
AM +QMi`bi iQ i?2 2H2K2Mi`v >B;;b i?2Q`v- r?2`2 1qa" H2p2b  bBM;H2 b+H` bii2
Ui?2 >B;;bV #2?BM/- r2 ?p2 v2i iQ b22 Mv HB;?i b+H`b 2K2`;2 7`QK h2+?MB+QHQ`X q2
Q7 +Qm`b2 2tT2+i b+H`b 7`QK 1qa"- ?Qr2p2`- BM ;2M2`H i?2`2 rBHH #2 KQ`2 i?M QM2
mM#`QF2M ;2M2`iQ`- M/ i?2b2 `2bmHiBM; b+H`b +[mB`2  H`;2 Kbb 7`QK i?2 α i2`K BM
2[miBQM UkXkyVěr?B+? Bb +QMp2MB2Mi- bBM+2 r2 /QMǶi Q#b2`p2  H`;2 MmK#2` Q7 b+H`b
BM i?2 T?vbB+H bT2+i`mKX q2 /Q- ?Qr2p2`- Q#b2`p2 QM2- r?B+? ?b #22M K2MiBQM2/
#Qp2 M/ r?Qb2 /Bb+Qp2`v rb bQm;?i 7i2` rBi? ;`2i 2Mi?mbBbK, i?2 #QbQM 7QmM/
i i?2 G>* r?B+? Ki+?2b i?2 2tT2+i2/ T`QT2`iB2b Q7 i?2 >B;;bX
PM2 KB;?i `2bQM#Hv bF- BM i?2 HB;?i Q7 i?Bb- r?i `2bQM r2 ?p2 iQ +QMiBMm2
bim/vBM; h2+?MB+QHQ`c bm`2Hv i?2 /Bb+Qp2`v Q7  bii2 MQi Q#b2`p2/ BM Bib bT2+i`mK ?b
Tmi i?2 MBHb BM Bib +Q{M\ P7 +Qm`b2- i?2Q`B2b `2 ?`/2` iQ FBHH i?M i?i- M/ i?2`2 `2
 MmK#2` Q7 /Bz2`2Mi 2tTHMiBQMb Q7 bii2b r?B+? +QmH/ Ki+? i?2 T`QT2`iB2b Q7 i?2
Q#b2`p2/ >B;;b rBi?BM i?2 h2+?MB+QHQ` 7`K2rQ`F- Q7 r?B+? irQ Q7 i?2 KQbi T`QKBbBM;
`2 i2+?MBTBQMb M/ i2+?MB/BHiQMbX
6B`biHv- +QMbB/2`  h2+?MB+QHQ` i?2Q`v r?2`2 1qa" T`Q/m+2b 7Qm` b+H`bc i?2`2
i?`22 `2 >B;;b2/ BMiQ i?2 ;m;2 #QbQMb- H2pBM;  bBM;H2 b+H` #2?BM/X h?2 H`;2 Kbb
2M?M+2K2Mi K2MiBQM2/ T`2pBQmbHv Bb MQi +QKTmHbQ`v- bQ i?2 `2KBMBM; i2+?MBTBQM Kv
#2+QK2 i?2 HB;?i b+H` Q#b2`p2/ 2tT2`BK2MiHHvX AM T`BM+BTH2-  i?2Q`v ;BpBM;  H`;2`
MmK#2` Q7 i2+?MBTBQMb +QmH/ 2[mHHv r2HH ?p2 i?Bb T`QT2`ivc ?Qr2p2`- QMHv QM2 bm+?
b+H` ?b #22M Q#b2`p2/X h?2 /Bb+Qp2`v Q7  b2+QM/ >B;;b@HBF2 b+H` rQmH/ #2  bi`QM;
BM/B+iQ` i?i i?2 JaJ rb BM/2[mi2X
a2+QM/Hv- +QMbB/2` ;BM i?2 G;`M;BM Q7 i?2 JaJ-
LaJ = −12i`F
2 + ψi /Dψ + (DH)†DH − Y ψHψ − V (H†H) , UkXkdV
r?2`2 i?2 >B;;b TQi2MiBH Bb MQr 7+iQ`Bx2/ b,








AM i?2 HBKBi λ′ = 0- i?Bb Bb 2MiB`2Hv b+H2@BMp`BMic Bi Bb #`QF2M #v i?2 KBMBKmK Q7 i?2
>B;;b TQi2MiBH i  b+H2 vqX h?2 #`2FBM; Q7 i?Bb /BHiiBQM bvKK2i`v ;Bp2b `Bb2 iQ 
Re
kXk h2+?MB+QHQ`
/BHiQMc BM i?2 +b2 Q7 i?2 JaJ i?Bb im`Mb Qmi iQ #2 i?2 >B;;b- +[mB`BM;  Kbb
m2? = 2λ
′v2q . UkXkNV
JQbi Q7 i?2 +H+mHiBQMb iQ bim/v bm+?  bii2 UT`QpB/2/ Bi Bb- b Bb `2[mB`2/- HB;?iV +M
#2 +``B2/ Qmi i i`22 H2p2H- rBi? T2`im`#iBQM i?2Q`v T`QpB/BM; bKHH +Q``2+iBQMbc i?mb
Mv i?2Q`v rBi?  bBKBH` /BHiQM BM Bib bT2+i`mK rBHH ?p2 bBKBH` T`QT2`iB2běMQi QMHv
[mMimK MmK#2`b- #mi HbQ Bib +QmTHBM;b M/ T?2MQK2MQHQ;vX h?2 /Bz2`2M+2b rQmH/
TT2` i ?B;? 2M2`;v M/ i ?B;? T`2+BbBQM BM i?2 bm#@H2/BM; +Q``2+iBQMbX >Qr2p2`-
bBM+2 Z*. /Q2b MQi- QM2 KB;?i `2bQM#Hv bF r?v r2 2tT2+i  h2+?MB+QHQ` i?2Q`v
iQ T`QpB/2 mb rBi?  /BHiQMX PM2 TQbbB#H2 Mbr2` +QK2b 7`QK i?2 rHFBM; /vMKB+b,
r2 2tT2+i M A_ M2`@}t2/@TQBMi BM i?2 M2`@+QM7Q`KH i?2Q`B2b Q7 BMi2`2bi 7Q` rHFBM;
#2?pBQm`c B7 i?2 A_ Bb bm{+B2MiHv ǳM2`Ǵ +QM7Q`KHBiv- i?2M r2 rQmH/ 2tT2+i  /BHiQM
iQ TT2` 7`QK i?2 #`2FBM; Q7 i?Bb bvKK2i`vX _2+2Mi rQ`F BM+Hm/2b (8j)- BM r?B+? i?2
mi?Q`b }M/  HB;?i b+H` 2K2`;BM; 7`QK  bi`BM; /mH UHi?Qm;? i?2 i?2Q`v 7HHb b?Q`i
Q7 #2BM;  qHFBM; h2+?MB+QHQ` +M/B/i2 7Q` Qi?2` `2bQMbV- (89)- r?2`2 i?2 mi?Q`b
b?Qr MQi?2` ;`pBiv i?2Q`v /mH iQ  TQi2MiBH rHFBM; h2+?MB+QHQ` i?2Q`v rBi?  HB;?i
i2+?MB/BHiQM- M/ (88)- r?B+? ;BM mb2b  ;`pBiv /mH- b?QrBM; i?i i?2 i2+?MB/BHiQM
Bi /KBib Bb +QMbBbi2Mi rBi?  T?vbB+H Kbb Q7 125:2oX
h?2 KQbi `2+2Mi `2bmHib 7`QK i?2 G>* 2tT2`BK2Mib (8e) KQ`2 }`KHv bm;;2bi i?i
i?2 Q#b2`p2/ bii2 i 125:2o Bb  b+H` `i?2` i?M  Tb2m/Qb+H`c B7 +Q``2+i- i?Bb
rQmH/ 2HBKBMi2 i2+?MBTBQMb b  +M/B/i2 2tTHMiBQMX 6m`i?2` 2tT2`BK2MiH bim/v
Q7 i?2 bii2Ƕb T`QT2`iB2b Bb M2+2bb`v iQ 7mHHv 2pHmi2 h2+?MB+QHQ` b M 2tTHMiBQM 7Q`
1qa"X
kXkX8 `2b Q7 `2b2`+?
*m``2Mi `2b2`+? QM h2+?MB+QHQ` bTMb  pbi `2c `2H2pMi `2pB2rb bmKK`BbBM; i?2B`
}M/BM;b- b r2HH b ;QBM; BMiQ #+F;`QmM/ #2vQM/ i?2 b+QT2 Q7 i?Bb rQ`F- BM+Hm/2 (R- 8dĜ
eR)X
b /Bb+mbb2/ BM b2+iBQM kXkXR- .B2i`B+? M/ aMMBMQ (jd) M``Qr2/ i?2 T`K2i2`
bT+2 Q7 pBH#H2 al(N) i?2Q`B2b bQK2r?ic i?2v b?Qr2/ i?i 7Q` N7 > 1 ~pQm`b BM 
`2T`2b2MiiBQM _- i?2`2 Bb  HBKBi2/ b2i Q7 N7- _ r?B+? ?p2 bvKTiQiB+ 7`22/QK, 7Q` i?2
7mM/K2MiH- /DQBMi- M/ irQ@BM/2t bvKK2i`B+ M/ MiBbvKK2i`B+ `2T`2b2MiiBQMb- HH
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N `2 HHQr2/- M/ 7Q` N ≤ 9 i?2`2 `2  72r Qi?2` bT2+BH +b2b- MK2Hv i?2 i?`22@BM/2t
MiBbvKK2i`B+ `2T`2b2MiiBQM 7Q` N7 = 2, 6 ≤ N ≤ 9- M/ i?2 7Qm`@BM/2t MiBbvKK2i`B+
`2T`2b2MiiBQM 7Q` N7 = 2, N = 8X A7 QM2 HHQrb 7Q` N7 ≥ 1 ~pQm`b- i?2M i?2 b2i Q7
2t+2TiBQMb ;`Qrb- #mi biBHH QMHv i?2 7mM/K2MiH- /DQBMi- M/ irQ@BM/2t bvKK2i`B+ M/
MiBbvKK2i`B+ `2T`2b2MiiBQMb `2KBM 7Q` N ≥ 16X
h?2 K2i?Q/b BM mb2 +QKTH2K2Mi 2+? Qi?2`, }2H/ i?2Q`2iB+H K2i?Q/b- bm+? b
a2B#2`; /mHBiv (ek) M/ i?2 MHvb2b [mQi2/ BM b2+iBQM kXkXk- `2 b2KB@MHviB+X AM i?2
+b2 Q7 b2+iBQM kXkXk- M mM+QMi`QHH2/ TT`QtBKiBQM Bb K/2X Ai Bb bm{+B2Mi iQ b?Qr
i?i i?2 p`BQmb `2;BQMb b22M 2tBbic ?Qr2p2`- i?2 #QmM/`B2b Bi ;Bp2b QM i?2b2 `2;BQMb
`2 #v MQ K2Mb T`2+Bb2X Pi?2` i2+?MB[m2b `2 M22/2/ iQ HQQF MQM@T2`im`#iBp2Hv M/
BM  KQ`2 +QMi`QHH2/ KMM2`c irQ bm+? i2+?MB[m2b `2 ?QHQ;`T?v M/ i?2 HiiB+2X
h?2 ?QHQ;`T?B+ K2i?Q/ /BpB/2b BMiQ #QiiQK@mT TT`Q+?2b- r?2`2 i?2 9. i?2Q`v
?b M //BiBQMH /BK2MbBQM //2/- rQ`FBM; BM i?2 /B`2+iBQM Q7 }M/BM;  ;`pBiv /mH
rBi? b HBiiH2 BMi2`p2MiBQM b TQbbB#H2- M/ iQT@/QrM TT`Q+?2b- r?2`2 QM2 rQ`Fb 7`QK
7mHH bi`BM; i?2Q`v iQ }M/ i?2 T`QT2`iB2b Q7 i?2 h2+?MB+QHQ` i?2Q`vX h?2 Hii2`ěBM i?2
+b2 Q7 h2+?MB+QHQ`- `i?2` i?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ψ(x)D(x, y)ψ(y) , UjXjV
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iQ` D(x, y) ?b i?2 7Q`K
D(x, y) = δx,y − κ
2
[
(1− γµ)Uµ (x) δy,x+µ + (1 + γµ)U †µ(x− µ)δy,x−µ
]
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M #2 #`QF2M /QrM BMiQ i?`22 b2+iBQMb- 2+? `2[mB`BM; /B7@
72`2Mi H;Q`Bi?KbX
Ç 6B`biHv-  biiBbiB+H 2Mb2K#H2 Q7 ;m;2 }2H/ +QM};m`iBQMb Bb ;2M2`i2/ mbBM;
M TT`QT`Bi2 H;Q`Bi?KX aBM+2 MiB+QKKmiBM; MmK#2`b +MMQi #2 biQ`2/ QM 
+QKTmi2`- 72`KBQM }2H/b `2 BMi2;`i2/ Qmi- H2pBM;  72`KBQMB+ /2i2`KBMMiX *H@
+mHiBQM Q7 i?Bb Bb +QKTmiiBQMHHv 2tT2MbBp2- 2bT2+BHHv +HQb2 iQ i?2 +?B`H HBKBi-
M/ bQ ?BbiQ`B+HHv i?Bb rb bQK2iBK2b b2i iQ R- BM r?i Bb +HH2/ i?2 [m2M+?2/
TT`QtBKiBQMX h?2 T?vbB+H BMi2`T`2iiBQM Q7 i?Bb TT`QtBKiBQM Bb i?i +QMi`B@
#miBQMb 7`QK b2 [m`Fb `2 B;MQ`2/X /pM+2b BM +QKTmiBM; TQr2` K2M i?i
i?Bb TT`QtBKiBQM Bb ``2Hv mb2/ MQr rBi?Qmi MQi?2` `2bQMX q?2M i?2 7mHH
/2i2`KBMMi Bb +H+mHi2/- i?2 72`KBQMb `2 `272``2/ iQ b /vMKB+Hc HH Q7 i?2
rQ`F BM i?Bb T`QD2+i mb2b /vMKB+H 72`KBQMbX 6Q` KQbi T?vbB+b Q7 BMi2`2bi- i?Bb
bi;2 `2[mB`2b 2Bi?2`  +Hmbi2` Q`  bmT2`+QKTmi2`X
Ç PM+2 M 2Mb2K#H2 Q7 ;m;2 }2H/b Bb T`2T`2/- Q#b2`p#H2b `2 +H+mHi2/ #v iFBM;
TT`QT`Bi2 +Q``2HiBQM 7mM+iBQMb QM i?2 ;m;2 }2H/ #+F;`QmM/X "v MHQ;v rBi?
2tT2`BK2MiH T?vbB+b- r?2`2 i?2 #+F;`QmM/ Q7 `2HBiv Bb iF2M M/ Q#b2`piBQMb
`2 K/2- i?2 +H+mHiBQM Q7 Q#b2`p#H2b `2 7`2[m2MiHv `272``2/ iQ b ǳK2bm`2@
K2MibǴX h?Bb bi;2 HbQ `2[mB`2b  +QMbB/2`#H2 KQmMi Q7 +QKTmiBM; TQr2`- #mi
;2M2`HHv H2bb i?M i?2 ;2M2`iBQM Q7 +QM};m`iBQMbX
Ç qBi? i?2 QmiTmi 7`QK +H+mHiBQMb Q7 +Q``2HiBQM 7mM+iBQMb BM ?M/- i?2 /i Kmbi
i?2M #2 MHvb2/ iQ ;Bp2 K2MBM;7mH `2bmHib 7Q` i?2 Q#b2`p#H2b Q7 BMi2`2biX h?Bb
Bb i?2 H2bi +QKTmiiBQMHHv /2KM/BM; bT2+i- M/ +M mbmHHv #2 `2bQM#Hv
T2`7Q`K2/ QM  rQ`FbiiBQM- Q` QM i?2 7`QMi@2M/ MQ/2 Q7  >S* 7+BHBivX
k8
jX :l:1 h>1P_A1a PL h>1 GhhA*1
J2i?Q/b mb2/ 7Q` HH i?`22 bT2+ib `2 /2b+`B#2/ BM i?2 M2ti b2+iBQMX
AM Z*.- `2b2`+? +QHH#Q`iBQMb 7`2[m2MiHv bT2+BHBb2 BM 2Bi?2` i?2 ;2M2`iBQM Q7
+QM};m`iBQMb UM/ T2`7Q`KBM;  bKHH MmK#2` Q7 K2bm`2K2Mib iQ /2KQMbi`i2 i?2B`
miBHBivV- Q` BM T2`7Q`KBM; K2bm`2K2Mib QM +QM};m`iBQMb ;2M2`i2/ #v Qi?2` +QHH#Q`@
iBQMbX h?Bb Bb /m2 iQ i?2 ?B;? /2KM/b QM +QKTmi2 TQr2` M/ QM H;Q`Bi?K /2p2HQTK2Mi
7Q` #Qi? bB/2b- M/ HbQ /m2 iQ i?2 H`;2 MmK#2` Q7 ;`QmTb rQ`FBM; QM HiiB+2 Z*.,
`2mbBM; +QM};m`iBQMb pQB/b `2/mTHB+iBQM Q7 2zQ`iX q?2`2 HiiB+2 ;m;2 i?2Q`v Bb
mb2/ b  iQQH QmibB/2 Q7 Z*.- 7Q` 2tKTH2 BM "aJ `2b2`+?- +QHH#Q`iBQMb KQ`2 Q7i2M
;2M2`i2 +QM};m`iBQMb M/ i?2M T2`7Q`K K2bm`2K2Mib Q7 BMi2`2bi QM i?2K UHi?Qm;?
i?2 +QM};m`iBQMb +M Q#pBQmbHv i?2M #2 `2mb2/ 7Q` Qi?2` Tm`TQb2bVX h?2 i2+?MB[m2b
mb2/ i?2`27Q`2 ;2M2`HHv H; i?Qb2 BM HiiB+2 Z*.  HBiiH2, i2+?MB[m2b `2 /2p2HQT2/ M/
T`Qp2/ #v bT2+BHBbib rQ`FBM; QM Z*.- M/ i?Qb2 i?i T`Qp2 i?2Kb2Hp2b `2 /QTi2/ #v
i?2 rB/2` +QKKmMBivX >Qr2p2`- i?2`2 `2 HbQ bQK2 bT2+B}+ i2+?MB[m2b i?i `2 /2p2H@
QT2/ KBMHv iQ bim/v i?2 T?vbB+b Q7 i?2Q`B2b b?QrBM; UM2`@V+QM7Q`KH #2?pBQm`X h?2
rQ`F /2b+`B#2/ BM +?Ti2` 9 BM+Hm/2b ;2M2`iBQM Q7 ;m;2 +QM};m`iBQMb- K2bm`2K2Mi
Q7 Q#b2`p#H2b- M/ MHvbBb Q7 i?2 `2bmHiBM; /i- r?BH2 i?i BM +?Ti2` 8 KF2b mb2 Q7
+QM};m`iBQMb T`2pBQmbHv ;2M2`i2/ QM MQi?2` `2Hi2/ T`QD2+iX
jXk H;Q`Bi?Kb
jXkXR _>J* H;Q`Bi?K
h?2 _iBQMH >v#`B/ JQMi2 *`HQ U_>J*V H;Q`Bi?K U}`bi /2b+`B#2/ BM RNN3 #v
E2MM2/v- >Q`pi?- M/ aBMi (N9)- M/ bmKK`Bb2/ MB+2Hv #v *H`F (N8)V Bb M 2ti2MbBQM
Q7 i?2 >v#`B/ JQMi2 *`HQ U>J*V H;Q`Bi?K (NeĜN3)- HHQrBM; 7Q`  MQM@2p2M MmK@
#2` Q7 /vMKB+H 72`KBQMbX h?2 >J* H;Q`Bi?K Bib2H7 Bb  +QK#BMiBQM Q7 i?`22 Qi?2`
H;Q`Bi?Kb, i?2 GM;2pBM H;Q`Bi?K (NNĜRyR)- #b2/ QM J`FQp +?BMb- i?2 JQH2+mH`
.vMKB+b UJ.V H;Q`Bi?K (Ryk- Ryj)- r?B+? iBK2@2pQHp2b +QM};m`iBQMb BM  /2i2`@
KBMBbiB+ KMM2` Ur?2M +QK#BM2/- i?2b2 irQ K2i?Q/b #2+QK2 i?2 >v#`B/ JQH2+mH`
.vMKB+b H;Q`Bi?KV- M/ i?2 J2i`QTQHBb H;Q`Bi?K (Ry9)- r?B+? 2Mbm`2b  +Q``2+iHv@
bKTH2/ /Bbi`B#miBQM #v BMi`Q/m+BM; M ++2Ti@`2D2+i bi2TX




[dU ] e−S;(U) [/2iM (U)]N7/2O(U) , UjXdV
ke
jXk H;Q`Bi?Kb
r?2`2 M = M †M - M/ M Bb i?2 /Bb+`2iBb2/ .B`+ QT2`iQ`- r2 i?2M UiFBM; N7 = 2
7Q` bBKTHB+BivV `2r`Bi2 i?2 72`KBQMB+ /2i2`KBMMi BM i2`Kb Q7 Tb2m/Q72`KBQMb U#QbQMB+







h?2 bi2Tb i?2 >J* H;Q`Bi?K iF2b iQ mT/i2  +QM};m`iBQM `2 i?2M,
RX h?2 KQK2MimK ?2i #i?- r?2`2 `M/QK +QMDm;i2 KQK2Mi 7Q` i?2 ;m;2 }2H/
`2 +?Qb2M b P (π) ∝ e−π∗π/2-
kX h?2 Tb2m/Q72`KBQM ?2i #i?- r?2`2 Tb2m/Q72`KBQM }2H/b `2 `M/QKHv +?Qb2M
b φ ∝ Dξc ξ Bb  `M/QK MQBb2 }2H/- P (ξ) = e−ξ∗ξ-
jX h?2 JQH2+mH` .vMKB+b i`D2+iQ`v- r?2`2 i?2 HBMF p`B#H2b M/ KQK2Mi `2
2pQHp2/ BM M TT`QT`Bi2 /2i2`KBMBbiB+ rv-
9X ++2Ti Q` /Bb+`/ i?2 M2r +QM};m`iBQM rBi? M TT`QT`Bi2 T`Q##BHBivX
AM i?2 +b2 Q7 i?2 _>J* H;Q`Bi?K- ?Qr2p2`- r2 F22T N7 `#Bi``v- M/ KF2 







†r2(M )φ , UjXNV
r?2`2 r(x) = x−N7/4X ai2T k i?2M ;2M2`i2b }2H/b +?Qb2M b φ ∝ r(M )−1ξX amBi#H2
`iBQMH TT`QtBKiBQMb Kv #2 ;2M2`i2/ #v i?2 _2K2x H;Q`Bi?K (Ry8)X q2 i?2M
T`Q+22/ b r2 rQmH/ rBi? i?2 >J*X
aBM+2 i?2 72`KBQMB+ /2i2`KBMMi +QMiBMb i?2 b[m`2 Q7 i?2 `iBQMH 7mM+iBQM- 2pH@
miBM; i?2 2pQHmiBQM 2[miBQMb 7Q` i?2 J. i`D2+iQ`v BM bi2T j rQmH/ +mb2  /Qm@
#H2 BMp2`bBQMc i?Bb Bb pQB/2/ #v mbBM; M Hi2`2/ `iBQMH TT`QtBKiBQM 7Q` i?2 J.,






† (M + βi)−1M ′ (M + βi)−1 φ . UjXRyV
kd
jX :l:1 h>1P_A1a PL h>1 GhhA*1
jXkXk J2bQM Kbb2b
Jbb2b Q7 bii2b `2 7QmM/ #v +H+mHiBM; i?2 +Q``2HiBQM 7mM+iBQMb Q7 TT`QT`Bi2 [mM@
iBiB2bX h?2b2 [mMiBiB2b iF2 i?2 7Q`K O†(x)O(y)- r?2`2 O Bb M QT2`iQ` +``vBM; i?2
[mMimK MmK#2`b Q7 i?2 bii2 BM [m2biBQMc BM i?2 +b2 Q7 K2bQMb- i?Bb Bb
O(x) = ψa(x)Γψb(x) , UjXRRV
r?2`2 a, b `272` iQ 72`KBQM ~pQm`b- M/ Γ Bb i?2 +QK#BMiBQM Q7 γ Ki`B+2b +``vBM;










r?2`2 Z `272`b iQ i?2 T`iBiBQM 7mM+iBQM- #v MHQ;v rBi? biiBbiB+H K2+?MB+bX
aBM+2 72`KBQMb `2 :`bbKM@pHm2/ }2H/b- i?2v +MǶi #2 `2T`2b2Mi2/ /B`2+iHv Mm@
K2`B+HHv- bQ r2 Kmbi BMi2;`i2 i?2K Qmi #v ?M/X q2 mb2 qB+FǶb i?2Q`2K 7Q` i?Bb-
r?2`2 2+? 72`KBQM +QMi`+iBQM ;Bp2b  7+iQ` Q7 i?2 72`KBQM T`QT;iQ`X A7 r2 K`F
 +QMi`+iBQM b ψaψb- i?2M r2 b22 i?i i?2`2 Bb QM2 b2i Q7 +QMi`+iBQMb pBH#H2 7Q`





r?2`2 Γ = γ0Γ†γ0 ?b #22M BMi`Q/m+2/ UbBKTHB7vBM; bQK2 Qi?2` H;2#` i?i ?b #22M
/QM2V- bBM+2 i?2 T`QT;iQ` 7`QK  72`KBQM Q7 QM2 bT2+B2b iQ QM2 Q7 MQi?2` Bb x2`QX
h?Bb +b2 Bb `272``2/ iQ b  ~pQm` MQM@bBM;H2i UM/ Bb Q7i2M +HH2/  i`BTH2i- 7`QK i?2






r?2`2 i?2 irQ b2ib Q7 +QMi`+iBQMb `2 //2/ iQ;2i?2`X h?2 mTT2` +QMi`+iBQM Bb i?2
bK2 BM #Qi? i?2 a = b M/ a ̸= b +b2bc r?2M i?2 +QMi`+iBQMb `2 `2TH+2/ rBi?
T`QT;iQ`b- i?Bb ;Bp2b  i2`K Q7 i?2 7Q`K −i`ΓD−1(x; y)ΓD−1(y;x)- r?Qb2 +H+mHiBQM
k3
jXk H;Q`Bi?Kb
Bb r2HH@2tTHQ`2/ M/ Bb /2b+`B#2/ BM i?2 M2ti b2+iBQMX h?2 HQr2` +QMi`+iBQM- ?Qr@
2p2`- r?B+? Bb mMB[m2 iQ i?2 a = b +b2- iF2b i?2 7Q`K i`ΓD−1(x;x)ΓD−1(y; y), ?2`2-
i?2 T`QT;iQ`b HB2 QM i?2 /B;QMHb Q7 i?2 BMp2`b2 .B`+ QT2`iQ`- M/ `2T`2b2Mi /Bb@
+QMM2+i2/ UQ` ǳ?B`TBMǴV i2`KbX h?2 +H+mHiBQM Q7 /Bb+QMM2+i2/ /B;`Kb Bb ?`/2`
i?M +QMM2+i2/ i2`Kb- bBM+2 H`;2 +M+2HHiBQMb K2M i?i biiBbiB+H MQBb2 BM i?2 i2`Kb
#2BM; bm#i`+i2/ Qp2`r?2HKb Mv bB;MHX 6Q` i?Bb `2bQM- HiiB+2 Z*. ?b ?BbiQ`B+HHv
7Q+mb2/ QM bii2b ++2bbB#H2 rBi? QMHv i`BTH2i /B;`Kbc Bi Bb QMHv `2+2MiHv i?i /pM+2b
BM H;Q`Bi?Kb M/ +QKTmi2 TQr2` ?p2 HHQr2/ i?2 /Bb+QMM2+i2/ /B;`Kb +QMi`B#miBM;
iQ bBM;H2i bii2b iQ #2 +H+mHi2/- M/ bm+? +H+mHiBQMb biBHH `2[mB`2 KQ`2 bT2+BHBbi
i2+?MB[m2b M/ ;`2i2` +`2 i?M i`BTH2i +H+mHiBQMbX aQK2 Q7 i?2b2 i2+?MB[m2b `2
/2b+`B#2/ BM b2+iBQM jXkXkXkX
jXkXkXR h`BTH2i Kbb2běi?2 wka1JqHH H;Q`Bi?K
q?BHbi i?2 T`2pBQmb b2+iBQM K2MiBQMb i?2 2b2 Q7 +H+mHiBQM Q7 i`BTH2i Kbb2b- i?Bb 2b2
Bb `2HiBp2- M/ bQK2 +`2 Bb biBHH M2+2bb`v iQ Q#iBM `2bmHib rBi? ;QQ/ T`2+BbBQM BM
 T`+iB+#H2 KQmMi Q7 iBK2X h?2 .B`+ QT2`iQ` Bb iQQ H`;2 M/ bT`b2 iQ BMp2`i
2{+B2MiHv M/ BM `2bQM#H2 iBK2 BM Bib 2MiB`2ivc BMbi2/- i?2 BMp2`b2 Bb QMHv +H+mHi2/
BM i?2 +b2 Q7 Bib TTHB+iBQM iQ  bKHH b2i Q7 }2H/b- `272``2/ iQ b bQm`+2 }2H/bX h?2
`2bmHi Q7 i?2 TTHB+iBQM Bb i?2M `272``2/ iQ b  bBMF }2H/X 6Q`  ;Bp2M bQm`+2 }2H/ η-
i?2 +Q``2bTQM/BM; bBMF }2H/ ψ Kv #2 7QmM/ b




D−1 (v, t;t, τ) η (t, τ) . UjXR8V
h?2 bBKTH2bi M/ KQbi +QKKQM rv Q7 BKTH2K2MiBM; i?Bb Bb mbBM; TQBMi bQm`+2bc
i?i Bb- bQm`+2b r?B+? iF2  pHm2 Q7 R i QM2 TQBMi BM T`K2i2` bT+2 M/ y 2p2`vr?2`2
2Hb2, η(Bβ)Aα = δABδαβδtvδτ t0 X >2`2 A,α `2 +QHQ` M/ bTBM BM/B+2b- #mi B,β `2 H#2Hb
/BbiBM;mBb?BM; #2ir22M /Bz2`2Mi bQm`+2 }2H/bX hQ BM+Q`TQ`i2 i?Bb BMiQ M H;Q`Bi?K-
kN
jX :l:1 h>1P_A1a PL h>1 GhhA*1








D−1Aα,Cγ (v, t;t, τ) δABδαβδtvδτ t0 UjXRdV
= D−1Aα,Cγ (v, t;t0, t0) . UjXR3V
h?mb Mv Q++m``2M+2 Q7 D−1 Kv #2 `2TH+2/ #v  +QK#BMiBQM Q7 irQ bBMF }2H/b-
QM2 iQ M/ QM2 7`QK (t0, t0)X >Qr2p2`- i?Bb T`Q/m+i BMi`Q/m+2b  b2MbBiBpBiv iQ HQ+H
~m+imiBQMb BM i?2 ;m;2 }2H/ +QM};m`iBQM- r?B+? K2Mb KQ`2 +QM};m`iBQMb Kmbi #2
bKTH2/ iQ ;Bp2 ;QQ/ biiBbiB+bX
h?Bb T`Q#H2K Kv #2 Qp2`+QK2 #v mb2 Q7 biQ+?biB+ bQm`+2b (RyeĜRy3) UHbQ FMQrM
b i?2 aiQ+?biB+ 1biBKiQ` h2+?MB[m2V- r?B+? `2 /2}M2/ T`Q##BHBbiB+HHv `i?2` i?M
#bQHmi2Hv b rb i?2 +b2 7Q` i?2 TQBMi bQm`+2bX hQ BHHmbi`i2 i?Bb r2 HQQF i i?2
2tKTH2 Q7 wka1JqHH bQm`+2bX





- rBi? mMB7Q`KHv M/ BM/2T2M/2MiHv
/Bbi`B#mi2/ `M/QK pHm2b QM 2+? TQBMi BM i?2 T`K2i2` bT+2X h?2M
⟨Z2 (t, A)Z∗2 (v, B)⟩ = δABδtv . UjXRNV
A7 r2 MQr /2}M2/ i?2 wka1JqHH bQm`+2 UrBi? wk `272``BM; iQ i?2 Z2 [mMiBiv
K2MiBQM2/ #Qp2- a1J `272``BM; iQ i?2 aTBM 1tTHB+Bi K2i?Q/ěBX2X QM2 ;2M2`iQ` T2`
bTBM +QKTQM2MiěM/ qHH `272``BM; iQ i?2 T`2b2M+2 Q7 i?2 bQm`+2 QM  bBM;H2 iBK2@
bHB+2ěBX2X  j. ǳrHHǴ QM i?2 9. HiiB+2V b,
η(β)Aα = δαβδtt0Z2 (t, A) , UjXkyV
r?2`2 β Bb  H#2H `mMMBM; 7`QK R iQ 9- M/ A,α `2 +QHQ` M/ bTBM BM/B+2b `2bT2+iBp2Hv-








= δABδαβδtvδtt0δss0 . UjXkRV
AM+Q`TQ`iBM; i?2 wka1JqHH bQm`+2 BMiQ M H;Q`Bi?K `2[mB`2b  HBiiH2 KQ`2 rQ`F
jy
jXk H;Q`Bi?Kb












i`ΓD−1 (t, t;y, 0)ΓD−1 (y, 0;t, t) , UjXkjV
r?2`2 V3 = L3 Bb i?2 bTiBH HiiB+2 pQHmK2X aBM+2 t Bb  /mKKv p`B#H2- r2 +M `2MK2
Bi i rBHH- M/ r2 HbQ BMi`Q/m+2  b2+QM/ bmKKiBQM p`B#H2 v- r?B+? BMi`Q/m+2b
MQi?2` 7+iQ` Q7 V3 U
∑
v 1 = V3V









i`ΓD−1 (t− v, t;y, 0)ΓD−1 (y, 0;t− v, t) , UjXk8V
r?2`2 BM i?2 b2+QM/ HBM2 r2 ?p2 bm#biBimi2/ x = t−vX LQr- KFBM; mb2 Q7 i?2 `2HiBQM
D−1 = γ5D−1†γ5- i?2 +v+HB+Biv Q7 i?2 i`+2 QT2`iQ`- M/ i?2 #QmM/`v +QM/BiBQMb- i?Bb




















(t, t+ t0;v′, t2)∗ . UjXkNV
h?2 /2Hi 7mM+iBQMb ?p2 #22M BMi`Q/m+2/ bQ i?i r2 +M MQr `2TH+2 i?2K rBi? i?2
jR
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i` (γ5Γ)αβ D−1Aβ,Bγ (t, t+ t0;v, t0) η(ω)Bγ (v, t1)× UjXjyV
η(ω)B′γ′

























−1η(ω) (t, t+ t0) , UjXj9V
r?2`2 r2 ?p2 MQr `2KQp2/ i?2 /mKKv +Q@Q`/BMi2 }2H/b ;BMX LQr r2 +M bm#biBimi2
i?2 bBMF }2H/b #+F BM,




ψ(ω)†Γ (t, t+ t0) γ5Γψ(ω) (t, t+ t0) , UjXj8V
r?2`2 i?2 b2i Q7 bBMF }2H/b Bb
ψ(ω) (t, t) = D−1η(ω) (t, t) , ψ(ω)Γ (t, t) = D−1 (Γγ5)† η(ω) (t, t) . UjXjeV
>2`2- ψ(ω)γ5 = ψ(ω)X AM i?2 +b2 Q7 TQBMi bQm`+2b- 4d_ bBMF }2H/b UM/ i?2`27Q`2
BMp2`bBQMbV r2`2 `2[mB`2/c ?2`2- 4N+?MM2Hb `2 `2[mB`2/- r?2`2 N+?MM2Hb Bb i?2 MmK#2`
Q7 /Bz2`2Mi Γb i?i `2 mb2/ Ur?B+? Kmbi BM+Hm/2 γ5VX 6Q` al(3) M/ Re +?MM2Hb-
jk BMp2`bBQMb rQmH/ #2 M2+2bb`v 7Q` TQBMi bQm`+2b- #mi e9 rQmH/ #2 M2+2bb`v 7Q`
wka1JqHH bQm`+2bX 6Q` al(2) QM i?2 Qi?2` ?M/- TQBMi bQm`+2b rQmH/ QMHv `2[mB`2
Rk BMp2`bBQMb- #mi wka1JqHH bQm`+2b rQmH/ biBHH `2[mB`2 e9X h?Bb `iBQ /Q2b MQi-
?Qr2p2`- +Q``2Hi2 /B`2+iHv iQ i?2 `2[mB`2/ +QKTmiBM; iBK2 7Q`  ;Bp2M T`2+BbBQM- bBM+2
TQBMi bQm`+2b `2[mB`2 KQ`2 +QM};m`iBQMb iQ #2 bKTH2/- BM+`2bBM; i?2 +QKTmiBM; iBK2
`2[mB`2K2MiX
jXkXkXk aBM;H2i >B`TBMb
.Bb+QMM2+i2/ /B;`Kb- b rb K2MiBQM2/ T`2pBQmbHv- `2 T`Q#H2KiB+ /m2 iQ  +M@
+2HHiBQM Q7 irQ `2HiBp2Hv MQBbv i2`Kb- r?2`2 i?2 MQBb2 Bb H`;2` i?M i?2 /Bz2`2M+2X
h?2 i2+?MB[m2b iQ Qp2`+QK2 i?Bb- i?2`27Q`2- +QKT`Bb2  p`B2iv Q7 BM/BpB/mH K2i?Q/b iQ
jk
jXk H;Q`Bi?Kb
`2/m+2 MQBb2 BM bm+? +H+mHiBQMb- /2b+`B#2/ 7Q` BMbiM+2 BM (RyN- RRy)X AM i?Bb T`QD2+i-




6B;m`2 jXk,  bF2i+? BHHmbi`iBM; i?2 i`mM+iBQM T`BM+BTH2X h?2 7mM+iBQM Q7 BMi2`2bi ?b 
HQM; iBH #27Q`2 Bi ǳi`mHvǴ `2+?2b Bib bvKTiQi2- #mi `TB/Hv `2+?2b rBi?BM 8W Q7 Bi UBM H2bb
i?M  }7i? Q7 i?2 iBK2Vc +QKTmiiBQMb i?mb +QmH/ #2 bT`2/ #v +QKTmiBM; iQ 2[mBHB#`BmK
2MQm;? iQ +?`+i2`Bb2  i`mM+iBQM H2M;i? M/ +Q``2+iBQM- M/ bm#b2[m2MiHv i`mM+iBM;
i?2 K2bm`2K2MibX
h?2 i`mM+i2/ bQHp2` K2i?Q/ Bb #b2/ QM i?2 FMQrH2/;2 i?i r?BH2 i?2 +QMp2`;2M+2
Q7 M Q#b2`p#H2 iQ Bib ǳi`m2Ǵ pHm2 #2+QK2b bHQr2` b Bi #2+QK2b +HQb2- Bi /Q2b bQ BM
 +QMbBbi2Mi KMM2` Ub +M #2 b22M BM };m`2 jXkVX h?mb QM2 +M mb2  bKHH MmK#2`
Q7 2tT2MbBp2 ǳTBHQiǴ K2bm`2K2Mib- H2iiBM; i?2K 7mHHv +QMp2`;2- M/ i?2M mb2 i?2B`
#2?pBQm` iQ +H+mHi2 irQ T`K2i2`b, i?2 QTiBKmK TQBMi i r?B+? iQ i`mM+i2 i?2
Q#b2`piBQM- M/ i?2 +Q``2+iBQM i?i Kmbi #2 K/2 7`QK i?2 i`mM+i2/ pHm2 iQ i?2
2biBKi2/ i`m2 pHm2X qBi? i?i BM TH+2-  H`;2` MmK#2` Q7 i`mM+i2/ 2biBKi2b +M
#2 K/2 BM  Km+? bKHH2` iBK2- ;BpBM; `Bb2 iQ ;`2iHv BKT`Qp2/ biiBbiB+bX
jXkXj :Hm2#HHb
:Hm2#HHb `2 #QmM/ bii2b Q7 Tm`2 ;Hm2X h?2B` Kbb2b `2 7QmM/ BM  bBKBH` rv
iQ K2bQMbc ?Qr2p2`- bBM+2 i?2v ?p2 MQ 72`KBQM +QMi2Mi- i?2`2 Bb MQ `2[mB`2K2Mi iQ
BMi2;`i2 Qmi i?2 72`KBQM }2H/b UM/ MQ 72`KBQMB+ /2i2`KBMMi iQ +H+mHi2V- M/ bQ i?2
QT2`iQ`b +QMbBbi QMHv Q7 T`Q/m+ib Q7 i`+2/ qBHbQM HQQTbX >Qr2p2`- bBM+2 i?2 ;Hm2#HH Bb
M 2ti2M/2/ Q#D2+i- BM/BpB/mH TH[m2ii2b UM/ QT2`iQ`b +QMbi`m+i2/ Q7  bKHH MmK#2`
Q7 i?2KV ?p2  p2`v bKHH Qp2`HT rBi? i?2 bii2 Q7 BMi2`2bi- M/ i?2 bB;MH #2+QK2b
/`QrM2/ #v MQBb2 7`QK +QMiKBMiBQM #v Qi?2` bii2bX
jj
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h?Bb T`Q#H2K Bb Qp2`+QK2 #v bK2`BM; M/ #HQ+FBM; Q7 i?2 ;m;2 HBMFb 7Q`KBM; i?2
QT2`iQ`bX h?2 HBMF bK2`BM; mb2/ BM i?Bb rQ`F Bb #b2/ QM i?2 S1 bK2`BM; K2i?Q/
(RRk- RRj)- M/ Bb /2b+`B#2/ BM (RR9- RR8)c BM #`B27- iQ 2+? HBMF- i?2 M2`2bi- M/ M2ti@iQ@
M2`2bi- T`HH2H@i`MbTQ`i2/ M2B;?#Qm`b `2 //2/- rBi? TT`QT`Bi2Hv@+?Qb2M r2B;?i
7+iQ`bX  KQ`2 ?2HT7mH /B;`KKiB+ 2tTHMiBQM Bb ;Bp2M BM };m`2 jXjX h?2 #HQ+FBM;
T`Q+2/m`2- b /2b+`B#2/ BM (RRe- RRd)- 7Q`Kb  #HQ+F2/ HBMF Q7 H2M;i? 2a #v iFBM; i?2
/B`2+i Ti?- M/ //BM; iQ Bi i?2 bTiBH ǳbiTH2bǴěi?i Bb- `Qmi2b Q7 H2M;i? 4a pB i?2
M2`2bi T`HH2H i`MbTQ`i2/ /B`2+i Ti?bX MQi?2` mb27mH ;`T?B+H `2T`2b2MiiBQM Bb
b?QrM BM };m`2 jX9X
6B;m`2 jXj, aK2`2/ HBMFb `2 7QmM/ #v //BM; i?2 Q`B;BMH HBMF UH#2H2/ b URVV iQ i?2
T`HH2H i`MbTQ`i2/ M2`2bi M2B;?#Qm`b UH#2H2/ b UkVV- r2B;?i2/ #v  7+iQ` Q7 α- M/ i?2
M2ti@iQ@M2`2bi@M2B;?#Qm`b UH#2H2/ b UjVV- r2B;?i2/ #v  7+iQ` Q7 βX
6B;m`2 jX9, "HQ+F2/ HBMFb `2 7QmM/ #v bmKKBM; bTiBH ǳbiTH2bǴ M/ //BM; i?2 `2bmHi
iQ i?2 /B`2+i Ubi`B;?i HBM2V Ti?c i?Bb T`Q+2/m`2 Bb i?2M Bi2`i2/X
jXkX9 MQKHQmb .BK2MbBQM
h?2 MQKHQmb /BK2MbBQM Q7  i?2Q`v rBi?  +QM7Q`KH }t2/ TQBMi- +?`+i2`BbBM; b
Bi /Q2b i?2 b+HBM; #2?pBQm` Q7 i?2 Q#b2`p#H2b BM i?2 i?2Q`v- b?QmH/ #2 pBbB#H2 7`QK
}iiBM; Q7 Mv Q7 i?2 [mMiBiB2b BM i?2 i?2Q`vX >Qr2p2`- i?2`2 `2 bQK2 Q#b2`p#H2b i?i
HHQr 2bB2` Q#b2`piBQM i?M Qi?2`b- M/ BM T`iB+mH`  K2i?Q/ `2+2MiHv /2b+`B#2/ #v
j9
jXk H;Q`Bi?Kb
Si2HH (RR3) HHQrb  Km+? T`2+Bb2` /2i2`KBMiBQM Q7 γ∗ i?M rb T`2pBQmbHv TQbbB#H2X
h?Bb K2i?Q/ KF2b mb2 Q7 i?2 bT2+i`mK Q7 2B;2MpHm2b Q7 i?2 .B`+ QT2`iQ`- M/ Bb i?2
K2i?Q/ mb2/ iQ /2i2`KBM2 γ∗ 7Q` i?2 i?2Q`v /Bb+mbb2/ BM +?Ti2` 9X h?2 #bBb Q7 i?2
K2i?Q/ Bb i?2 Q#b2`piBQM i?i i?2 bT2+i`H /2MbBiv ρ Q7 i?2 .B`+ QT2`iQ` Bb `2Hi2/





1+γ∗ + . . . , UjXjdV
r?2`2 ρˆ0 Bb  /BK2MbBQMH2bb +QMbiMi- M/ µ Bb i?2 `2MQ`KHBbiBQM b+H2X AM i?2 +b2 Q7
 Kbb@/27Q`K2/ i?2Q`v- i?Bb `2HiBQM #2+QK2b pHB/ QMHv BM M BMi2`K2/Bi2 `M;2 Q7
2B;2MpHm2bX
*QMbB/2` i?2 TQbBiBp2 /2}MBi2 QT2`iQ` /2}M2/ #v
M = ( /D +m)†( /D +m) = m2 − /D2 . UjXj3V
h?2M /2}M2 i?2 KQ/2 MmK#2` T2` mMBi pQHmK2 ν(Ω) b i?2 MmK#2` Q7 2B;2MpHm2b Q7








6Q` i?2 BMi2`K2/Bi2 `2;BQM Q7 BMi2`2bi BM  Kbb@/27Q`K2/ i?2Q`v- r2 +mi Qz i?2 HQr2`
2M/ M/ ;2i




r?2`2 ν0(m) Bb  +QMbiMi iQ #2 /2i2`KBM2/X ρ(ω) BM i?2 b2+QM/ 2[miBQM +M #2
`2TH+2/ #v 2[miBQM UjXjdV- ;BpBM;





1+γ∗ (Ω2 −m2) 21+γ∗ . UjX9RV
ν0(m) /2T2M/b QM i?2 72`KBQM Kbb- #mi BM  T`2/B+i#H2 KMM2`, bBM+2 ν(Ω) Bb
`2MQ`KHBbiBQM ;`QmT BMp`BMi UT2` (RRN)V- M/ ?b /BK2MbBQMb [Kbb]4- i?2M
ν0(m) ∝ m4Sa , UjX9kV
r?2`2 mSa Bb i?2 Kbb Q7 i?2 Tb2m/Qb+H` K2bQM UHi?Qm;? Mv Qi?2` T`iB+H2 Kbb
j8
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+QmH/ #2 mb2/c i?2 Sa Bb +?Qb2M /m2 iQ Bib ;2M2`H 2b2 Q7 ++2bbVX
hQ `2Hi2 2[miBQM UjX9RV iQ HiiB+2 QmiTmi- Bi Kmbi #2 `22tT`2bb2/ BM i2`Kb Q7 #`2
HiiB+2 [mMiBiB2b `i?2` i?M +QMiBMmmK `2MQ`KHBb2/ QM2b- i?Bb ;Bp2b
a−4ν(Ω) ≈ a−4ν0(m) +A
[
(aΩ)2 − (am)2] 21+γ∗ , UjX9jV
r?2`2 A Bb  /BK2MbBQMH2bb +QMbiMi- M/ m Bb T`QTQ`iBQMH iQ i?2 S** KbbX
6Q` i?2 Tm`TQb2b Q7 i?Bb rQ`F- i?2 K2i?Q/ Q7 T`QD2+iQ`b Bb mb2/- b T2` (RRN)X 
T`QD2+iQ` P(Ω) Bb /2}M2/ Qp2` i?2 2B;2MbT+2b Q7M +Q``2bTQM/BM; iQ 2B;2MpHm2b #2HQr






h?2 T`QD2+iQ` Bb TT`QtBKi2/ mbBM; M TT`QT`Bi2 `iBQMH 7mM+iBQM




r?2`2 h(x) Bb  TQHvMQKBH TT`QtBKiBM; θ(−x) BM i?2 `M;2 √ϵ ≤ |x| ≤ 1 UM/ ϵ
?2`2 +?`+i2`Bb2b i?2 T`2+BbBQM Q7 i?2 TT`QtBKiBQM- M/ +QMp2`b2Hv i?2 /2;`22 Q7 i?2


















h?2 i`+2 Kv #2 2biBKi2/ biQ+?biB+HHv- M/ i?2 2``Q` /m2 iQ KFBM; i?2 TQHvMQKBH
TT`QtBKiBQM 7Q` i?2 T`QD2+iQ` Kv #2 2biBKi2/ 7`QK i?2 }i Q7 i?2 bT2+i`H /2MbBivX
jXkX8 qBHbQM M/ SQHvFQp GQQTb
h?2 biiB+ TQi2MiBH 7Q`  72`KBQM M/ MiB72`KBQM Kv #2 +H+mHi2/ mbBM; +Q``2HiQ`b
Q7 2Bi?2` qBHbQM Q` SQHvFQp HQQTbX >BbiQ`B+HHv i?2 qBHbQM HQQT K2i?Q/ rb /2p2HQT2/
}`bi M/ bQ Bb KQ`2 rB/2Hv mb2/ BM i?2 HBi2`im`2c ?Qr2p2`- i?2 SQHvFQp HQQT K2i?Q/
Bb bBKTH2` iQ T2`7Q`K M/ ;Bp2b BKT`Qp2/ `2bmHibX h?2 SQHvFQp HQQT K2i?Q/ Bb KQbiHv
mb2/ BM i?Bb rQ`F- rBi? i?2 qBHbQM HQQT TT`Q+? #2BM; mb2/ b  +?2+F Q7 i?2 +QMbBb@
i2M+v BM  b2H2+iBQM Q7 +b2bX AM //BiBQM- ?BbiQ;`Kb Q7 SQHvFQp HQQTb HHQr i?2 biimb






















6B;m`2 jX8, h?2 ?BbiQ;`K Q7 i?2 SQHvFQp HQQT Q7 QM2 Q7 i?2 /i b2ib bim/B2/ BM +?Ti2`
9c i?2 bBM;H2 T2F b22M b?Qrb i?i Bi Bb +2Mi`2 bvKK2i`B+X
h?2 SQHvFQp HQQT Bb i?2 T`Q/m+i Q7 ;m;2 HBMFb BM  bBM;H2 /B`2+iBQM- +HQb2/ /m2




{ x | ρ=0 }
Nρ−1∏
n=0
U(x+ nρ, ρˆ) , UjX9dV
r?2`2 i?2 bmK `mMb Qp2` i?2 HiiB+2 bHB+2 MQ`KH iQ ρˆX al(N) i?2Q`B2b ?p2  ZN +2Mi`2
bvKK2i`v- bQ BM i?2 +b2 Q7 al(2) r2 2tT2+i  Z2 bvKK2i`v- r?B+? r2 2tT2+i i?2
SQHvFQp HQQT iQ Q#2vX h?mb Bi Bb i`BpBH iQ b22 r?2i?2` Q` MQi i?2 +2Mi`2 bvKK2i`v
Bb #`QF2M, B7 Bi Bb T`2b2`p2/- i?2M i?2 p2`;2 SQHvFQp HQQT Bb Hrvb +QMbBbi2Mi rBi?
x2`Q UM/ i?2 bvbi2K Bb +QM}M2/Vc B7 MQi- i?2M Bi +[mB`2b  pHm2 Q7 ±a- r?2`2 a Bb
bQK2 +QMbiMi UM/ i?2 bvbi2K ?b #2+QK2 /2+QM}M2/VX >Qr2p2`- bBM+2 i?2 p2`;2
SQHvFQp HQQT Kv #2 bi#H2 i +a 7Q` bQK2 MmK#2` Q7 +QM};m`iBQMb- #mi i?2M brBi+?
iQ −a- M/ #+F ;BM- i?2 p2`;2 Qp2` HH +QM};m`iBQMb Kv biBHH #2 +QMbBbi2Mi rBi?
x2`QX q2 i?2`27Q`2 HQQF i i?2 ?BbiQ;`K Q7 i?2 p2`;2 SQHvFQp HQQT- +QMbB/2`BM; 2+?
bTiBH M/ iBK2 /BK2MbBQM b2T`i2HvX AM i?2 +2Mi`2 bvKK2i`B+ T?b2- r2 rBHH b22 
bBM;H2@T2F2/ /Bbi`B#miBQM #Qmi 0c BM i?2 +2Mi`2 #`QF2M T?b2- r2 b22  /Qm#H2@T2F2/
/Bbi`B#miBQM i ±aX M 2tKTH2 Q7 bm+?  ?BbiQ;`K Bb b?QrM BM };m`2 jX8X
*QMbB/2`  HQQT BM i?2 x0 /B`2+iBQM- i  }t2/ x1- M/ /2}M2 i?2 QT2`iQ` P0(x1)
jd
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r?2`2 ` Bb i?2 j@p2+iQ` (x1, x2, x3)- Nb, Ni `2 i?2 MmK#2` Q7 bBi2b BM i?2 bTiBH M/
i2KTQ`H /B`2+iBQMb `2bT2+iBp2Hv- M/ N Bb i?i Q7 al(N)X A7 r2 i?2M iF2  p+mmK@








|cn(aNi)|2 e−En(aNi)X1 , En > 0 ∀n,
UjX9NV
r?2`2 cn Bb i?2 Qp2`HT cn = ⟨0 |P0(x1) |n⟩- M/ |n⟩ Bb i?2 ni? 2B;2Mbii2 Q7 i?2 >KBH@
iQMBMX h?2M 7Q` H`;2 X1- i?2 2tTQM2MiBH /2+vb H2pBM; i?2 ;`QmM/ bii2 2M2`;v Q7
i?2 7mM/K2MiH bi`BM; E0(aNi)X AM i?2 +b2 Q7  +QM}MBM; i?2Q`v BM 9.- i?Bb b?QmH/
}i
E0(aNi) = σaNi − cπ
3aNi
, UjX8yV
mT iQ bm#H2/BM; +Q``2+iBQMb- r?2`2 σ Bb i?2 i2KTQ`H 7mM/K2MiH bi`BM; i2MbBQMX q2
+M /2}M2 bBKBH` QT2`iQ`b Pi r`TTBM; i?2 bTiBH /B`2+iBQMb- M/ #v }iiBM; i?2B`
+Q``2HiQ`b BM i?2 i2KTQ`H /B`2+iBQM Q#iBM i?2 bTiBH bi`BM; i2MbBQMX i x2`Q i2K@
T2`im`2 BM i?2 +QM}M2/ T?b2- BM r?B+? i?2 i?2Q`v ?b M mM#`QF2M +2Mi`2 bvKK2i`v-
i?2M i?2 bTiBH M/ i2KTQ`H bi`BM; i2MbBQMb b?QmH/ #2 BM ;`22K2MiX b Bb i?2 +b2
rBi? ;Hm2#HHb- i?2b2 #bB+ SQHvFQp QT2`iQ`b ?p2  HQr Qp2`HT rBi? i?2 T?vbB+b Q7
BMi2`2bic i?2 bQHmiBQM iQ i?Bb Bb ;BM iQ bK2` i?2 HBMFbX
h?2 qBHbQM HQQT- K2Mr?BH2- Bb  T`Q/m+i Q7 ;m;2 HBMFb- ;BM `QmM/  +HQb2/
HQQT- #mi MQr +HQb2/ rBi?BM i?2 HiiB+2 `i?2` i?M rBM/BM; `QmM/ BiX Hi?Qm;? BM
;2M2`H  qBHbQM HQQT +M `272` iQ Mv bm+? +HQb2/ HQQT- BM i?2 +QMi2ti Q7 i?Bb rQ`F r2
`2bi`B+i Qm`b2Hp2b iQ `2+iM;mH` qBHbQM HQQTb Q7 bTiBH 2ti2Mi R M/ i2KTQ`H 2ti2Mi
T X q2 Kv BMi2`T`2i i?Bb b M BM}MBi2Hv@?2pv UBX2X biiB+V 72`KBQM@MiB72`KBQM TB`
#2BM; +`2i2/ i  /BbiM+2 R T`i- M/ MMB?BHiBM;  iBK2 T Hi2`X




W (T,_) = i`{Ui[t→ t+T ; `]†Ub[t; `→ `+_]Ui[t→ t+T ; `+_]Ub[t+T ; `→ `+_]†} .
UjX8RV
aBM+2 _ M22/MǶi #2 QM@tBb UM/ BM/22/ HHQrBM; Bi iQ #2 Qz@tBb HHQrb  H`;2` `M;2
Q7 R pHm2b iQ #2 T`Q#2/V- i?2 T`Q+2/m`2 Q7 (Rky) Bb mb2/X AM i?2 >KBHiQMBM ;m;2- i?2
2tT2+iiBQM pHm2 ⟨W (T,_)⟩ #2+QK2b i?2 iBK2@+Q``2HiQ` 7Q` i?2 QT2`iQ` +`2iBM; 
?2pv 72`KBQM@MiB72`KBQM TB` +QMM2+i2/ #v  bi`BM;-M(_) = ψ(`)Ub[`→ `+_]ψ(`+
_)-












|⟨n,_ |M(_) |m⟩|2 e−aNiEme−T [Vn(R)−Em] , UjX8jV
r?2`2 |m⟩ `2 i?2 p+mmK 2B;2Mbii2b Q7 2M2`;v Em- M/ |n,_⟩ `2 i?2 bii2b rBi?
2M2`;v Vn(R) BM i?2 T`2b2M+2 Q7 i?2 72`KBQM@MiB72`KBQM TB`X h?2 HQr2bi@HvBM; bm+?
2M2`;v V0(R) Bb i?2 biiB+ TQi2MiBHX
hQ 2ti`+i i?2 bi`BM; i2MbBQM- r2 HQQF BM M BMi2`K2/Bi2 `2;BQM- bBM+2 i T M2` y
M/ M2` aNi- QM2 Q7 i?2 b2ib Q7 bii2b +QHHTb2b iQ  bBM;H2 bii2X AM i?2 BMi2`K2/B`v
`2;BQM r2 2tT2+i iQ b22  ;QQ/ }i iQ  bi`B;?i HBM2- rBi? i?2 ;`/B2Mi #2BM; i?2 bi`BM;
i2MbBQM- b rb i?2 +b2 BM i?2 SQHvFQp HQQT +H+mHiBQMX
PM+2 ;BM- bK2`BM; Bb mb2/ iQ BKT`Qp2 i?2 biiBbiB+bcR BM i?Bb +b2- ?Qr2p2`- i?2 7mHH
p`BiBQMH T`Q+2/m`2 Bb MQi TTHB2/X AMbi2/- i?2 7mHH p`BiBQMH T`Q+2/m`2 Bb TTHB2/
QMHv iQ  bKHH U#mi r2HH@/2+Q`2HHi2/V bKTH2 Q7 +QM};m`iBQMb- iQ }M/ i?2 bK2`BM;
T`K2i2`b i?i ;Bp2 i?2 QTiBKH `2bmHib 7Q` i?2 `2/m+2/ 2Mb2K#H2X h?2b2 T`K2i2`b
`2 i?2M iF2M b i?2 bK2`BM; pHm2b 7Q` i?2 7mHH 2Mb2K#H2X q?BH2 MQi b 2z2+iBp2
b i?2 7mHH p`BiBQMH K2i?Q/- i?Bb TT`QtBKiBQM ;Bp2b  bB;MB}+Mi BKT`Qp2K2Mi BM
+QKTmiiBQM iBK2- HHQrBM; i?2 MHvbBb QM KQ`2 KQ/2bi ?`/r`2 i?M rQmH/ Qi?2`@
rBb2 #2 `2[mB`2/X q?BH2 i?2 bK2`BM; rBHH /BbiQ`i i?2 TQi2MiBH i bKHH R- M/ // 
+QMbiMi //BiBp2 7+iQ`- M2Bi?2` Q7 i?2b2 z2+ib Qm` }i 7Q` σ- bBM+2 r2 `2 HQQFBM; i
;`/B2Mib BM i?2 BMi2`K2/Bi2@R `2;BQMX
R6Q` i?2 qBHbQM HQQTb- >uS bK2`BM; UBMi`Q/m+2/ BM (RkR)V-  K2i?Q/ #b2/ QM M/ mHiBKi2Hv
bBKBH` iQ i?2 T`2pBQmbHv@/Bb+mbb2/ S1 bK2`BM;- Bb mb2/X
jN
jX :l:1 h>1P_A1a PL h>1 GhhA*1
jXkXe 1ti`+iBM; _2bmHib
6Q` KQbi Q#b2`p#H2b- i?2 QmiTmi 7`QK i?2 K2bm`2K2Mi +Q/2 Bb  b2i Q7 +Q``2HiBQM
7mM+iBQMb- QM2 T2` K2bm`2K2Mi T2` +QM};m`iBQM MHvb2/ UHi?Qm;? bQK2 +Q/2b rBHH
KF2 KmHiBTH2 K2bm`2K2Mib Q7 i?2 bK2 Q#b2`p#H2 QM i?2 bK2 ;m;2 +QM};m`iBQM-
bBM+2 i?2 ;m;2 +QM};m`iBQM +QMiBMb KQ`2 /i i?M Bb mb2/ #v i?2 bBM;H2 ǳ?BiǴVX
6Q`  bii2 rBi?  ;Bp2M b2i Q7 [mMimK MmK#2`b- M QT2`iQ` +``vBM; i?2 bK2
[mMimK MmK#2`b Bb +QMbi`m+i2/c H2i mb bv i?i i?Bb Bb +HH2/ OX h?2 +Q``2HiBQM





DUDψDψO†(t, 0)O(v, t)e−S[U,ψ,ψ] , UjX89V
r?2`2 i?2 bii2 ?b #22M HHQr2/ iQ KQp2 BM bT+2 M/ iBK2X q2 +M iF2  iBK2
2pQHmiBQM 7+iQ` e−Ht Qmi- M/ #v BMb2`iBM; +QKTH2i2 b2ib Q7 bii2b- `2/m+2 i?2 `B;?i@








hFBM; i?2 HQM;@iBK2 HBKBi Q7 i?Bb- r2 b22〈
O†(t, 0)O(v, t)
〉
t→∞−−−→ α0e−mt . UjX8eV
PM  }MBi2 HiiB+2- r2 mM7Q`imMi2Hv /Q MQi ?p2 i?2 Hmtm`v Q7 iFBM; M BM}MBi2@
iBK2 HBKBic ?Qr2p2`- BM KMv +b2b Bi Bb biBHH TQbbB#H2 iQ 2ti`+i  `2bQM#H2 2biBKi2
7Q` i?2 Kbb- b i?2 /2+v Bb `TB/ 2MQm;? iQ b22 i?2 ;`QmM/ bii2 2K2`;2 BM }MBi2
iBK2X hQ 2ti`+i i?2 Kbb- }`biHv M 2z2+iBp2 Kbb THQi Bb T`Q/m+2/ 7`QK i?2 p2`;2
+Q``2HiBQM 7mM+iBQMX h?2 2z2+iBp2 Kbb Bb i?2 Kbb i?i Bb 7QmM/ B7 i?2 HBKBiBM; pHm2
Q7 i?2 +Q``2HiBQM 7mM+iBQM Bb iF2M iQ #2 i i?2 +m``2Mi /i TQBMiX UAM i?2 +b2 Q7
K2bQMB+ +Q``2HiBQM 7mM+iBQMb- i?2 /i `2 }`bi ǳ7QH/2/ Qp2`Ǵ BM i?2 i2KTQ`H /B`2+iBQM
bBM+2 i?2 +Q``2HiBQM 7mM+iBQM Bb bvKK2i`B+ BM i?Bb /B`2+iBQMXV h?Bb THQi rBHH Q#pBQmbHv
i2M/ iQr`/b i?2 HBKBiBM; pHm2 Q7 i?2 Kbb BM i?2 HQM;@iBK2 HBKBic i?mb B7  bi#BHBbiBQM
UQ` THi2mV Bb Q#b2`p2/- i?2M i?i Bb iF2M iQ #2 i?2 HBKBiBM; pHm2X p2`;2b `2 i?2M
iF2M Qp2` i?2 `2bT2+iBp2 `M;2b B/2MiB}2/ b #2BM; T`i Q7 i?2 THi2mtX M 2tKTH2
Q7 M 2z2+iBp2 Kbb THQi rBi? THi2m K`F2/ Bb b?QrM BM };m`2 jXeX
AM i?2 bBKTH2bi +b2 QM2 +M mb2 M `Bi?K2iB+ K2M M/ #QQibi`T bKTHBM; (RkkĜ
Rk9)ěr?2`2 `M/QK bKTH2b `2 iF2M 7`QK i?2 /i M/ p2`;2/ UQ` }ii2/V- rBi?
9y
















6B;m`2 jXe, M 2z2+iBp2 Kbb THQi 7Q`  K2bQM Kbbc i?2 THi2m BM i?Bb +b2 rb B/2MiB}2/
#2ir22M t = 9 M/ t = 16X
i?2 b2i Q7 bKTH2 p2`;2b ;BpBM;  M2r /i b2iěiQ ;Bp2 M 2biBKi2 Q7 i?2 biiBbiB+H
2``Q` 7Q` i?2 Kbb2bX >Qr2p2`- i?2`2 `2 KQ`2 bQT?BbiB+i2/ i2+?MB[m2b i?i +M #2
mb2/ iQ ;Bp2 iB;?i2` #QmM/bX 6Q` BMbiM+2- 7Q` +H+mHiBM; K2bQM Kbb2b- i?2 MQBb2 BM i?2
+Q``2HiBQM 7mM+iBQM i2M/b iQ /QKBMi2 BM i?2 +2Mi`2 Q7 i?2 HiiB+2c i?mb B7 i?2 #QQibi`T
2{+B2M+věi?2 T`QTQ`iBQM Q7 i?2 #QQibi`T bKTH2b iF2M r?B+? +M #2 bm++2bb7mHHv
}ii2/ěBb #2HQr RyyW- i?2M i?2 MQBbv KB//H2 +M #2 bHQrHv `2KQp2/ 7`QK i?2 bKTH2
mMiBH i?2 2{+B2M+v `2+?2b RyyWX h?Bb pQB/b #Qi? i?2 #Bb i?i rQmH/ #2 BMi`Q/m+2/
#v HHQrBM;  bm#@RyyW 2{+B2M+v- M/ i?2 //BiBQMH +QKTmi2` iBK2 i?i rQmH/ #2
M2+2bb`v iQ BKT`Qp2 i?2 bKTH2 bBx2 iQ ;Bp2 RyyW 2{+B2M+v rBi? HH TQBMib BM+Hm/2/X
jXj 1tBbiBM; GiiB+2 aim/B2b
hQ Tmi i?2 MmK2`B+H bim/v T2`7Q`K2/ BM i?Bb rQ`F BMiQ  #`Q/2` +QMi2ti- BM i?Bb
b2+iBQM A rBHH #`B2~v `2pB2r i?2 bii2 Q7 i?2 `i Q7 HiiB+2 bBKmHiBQMb- #2;BMMBM; rBi?
i?2 KQ`2 7KBHB` 2tKTH2 Q7 Z*.X
jXjXR Z*.
Sm`2 Z*. bim/B2b `2 bm{+B2MiHv MmK2`Qmb i?i 2p2M #2;BMMBM; iQ 2MmK2`i2 i?2K
rQmH/ #2 BKT`+iB+#H2c 7Q`imMi2Hv i?2`2 2tBbi bim/B2b /2/B+i2/ iQ +QHHiBM; `2bmHib
7`QK Qi?2` bim/B2b BM HiiB+2 Z*.X GiiB+2 Z*. ;Bp2b i?2 +Q``2+i bT2+i`mK 7Q` K2bQMB+
9R
jX :l:1 h>1P_A1a PL h>1 GhhA*1
bii2b- BM+Hm/BM; KMv bii2b r?B+? r2`2 T`2/B+i2/ #v i?2 HiiB+2 `2bmHib #27Q`2 i?2v
r2`2 Q#b2`p2/ 2tT2`BK2MiHHv Ui i?2 T`2/B+i2/ Kbb2bVc `2bmHib 7Q` i?2 HB;?i K2bQMb
7`QK (j) `2 b?QrM BM };m`2 jXd- M/ Q7 i?2 `2bmHib 7`QK (9) BM };m`2 jX3X aBKBH`Hv i?2
#`vQM bT2+i`mK- BHHmbi`i2/ BM };m`2 jXN 7`QK (8)- HbQ ;`22b rBi? 2tT2`BK2MiX GiiB+2
`2bmHib ?p2 #2+QK2 i?2 ++2Ti2/ pHm2b 7Q` bQK2 [mMiBiB2b- Q` KF2  bB;MB}+Mi
+QMi`B#miBQM iQ i?2KX 6Q` 2tKTH2- i?2 bi`QM; +QmTHBM; bi`2M;i? αb- b?QrM BM };m`2
jXRy b +QHHi2/ BM (e)- ?b Bib KQbi T`2+Bb2 2biBKi2 7`QK HiiB+2 `2bmHib- M/ i?2 2biBKi2
Bb 7QmM/ iQ #2 BM ;QQ/ ;`22K2Mi rBi? HH 2tT2`BK2MiH K2i?Q/bX h?2 *EJ Ki`Bt
+M HbQ #2 +H+mHi2/ QM i?2 HiiB+2 U`2pB2r2/ BM (Rk8)V- M/ b?Qrb ;QQ/ ;`22K2Mi BM















vector meson octet baryon decuplet baryon
mass [GeV]
6B;m`2 jXd, h?2 HB;?i K2bQM bT2+i`mK Q7 HiiB+2 Z*.- b Q7 kyy3- 7`QK (j)X
jXjXk h2+?MB+QHQ`
aBM+2 .B2i`B+? M/ aMMBMQǶb T2`im`#iBp2 2tTHQ`iBQM Q7 r?2`2 r2 2tT2+i iQ b22 +QM@
7Q`KH M/ M2`@+QM7Q`KH i?2Q`B2b i?i rb `2pB2r2/ BM +?Ti2` k (jd)-  MmK#2` Q7
HiiB+2 ;`QmTb ?p2 iF2M M BMi2`2bi BMiQ i2biBM; i?2B` T`2/B+iBQMbX h?2`2 `2 irQ
KBM `2b Q7 7Q+mb, i?2 }`bi i i?2Q`B2b rBi? 7mM/K2MiH [m`Fb Ub BM Z*.V- r?2`2
H`;2 N7 Bb M22/2/ iQ TT`Q+? i?2 +QM7Q`KH rBM/Qrc i?Bb Bb /QM2 mbBM; i?2 bi;;2`2/
72`KBQM TT`Q+?- bBM+2 Bi H2M/b Bib2H7 Mim`HHv iQ H`;2 N7X h?2 b2+QM/ TT`Q+?
Bb iQ 2tTHQ`2 ?B;?2` `2T`2b2MiiBQMb- r?2`2 72r2` ~pQm`b `2 M22/2/ iQ TT`Q+? i?2
+QM7Q`KH rBM/QrX
9k



















































6B;m`2 jX3, h?2 Uǳ;QH/@THi2/ǴV ?2pv K2bQM bT2+i`mK Q7 HiiB+2 Z*.- b Q7 kyRk- 7`QK
(9)X


































6B;m`2 jXN, h?2 #`vQM bT2+i`mK 7`QK HiiB+2 Z*.- b Q7 kyyN- 7`QK (8)X
9j
jX :l:1 h>1P_A1a PL h>1 GhhA*1
0.11 0.12 0.13





Z pole fits 
6B;m`2 jXRy, *QKT`BbQM Q7 p`BQmb 2tT2`BK2MiH K2i?Q/b rBi? i?2 HiiB+2 `2bmHi 7Q` αb-
b Q7 kyRk- 7`QK (e)X
_2+2Mi `2bmHib Q7 #Qi? TT`Q+?2b `2 `2pB2r2/ BM (d)- rBi?  ?2HT7mH /B;`K U`2@
T`Q/m+2/ BM };m`2 jXRRV bmKK`BbBM; i?2 }M/BM;bc i?2 i?2Q`B2b rBi? i?2 KQbi /i `2
al(3) i?2Q`B2b rBi? UmMbm`T`BbBM;Hv- ;Bp2M i?2 HBKBiiBQMb Q7 i?2 bi;;2`2/ TT`Q+?V
KmHiBTH2b Q7 9 ~pQm`bX h?2 9@ M/ 3@~pQm` +b2b `2 7QmM/ iQ #2 +QM}MBM; (RkeĜRjk)-
M/ i?2 Re@~pQm` +b2 +QM7Q`KH (Rkd- RjjĜRje)- r?BH2 i?2 Rk@~pQm` +b2 Bb K`;BMH
(Rke- Rjy- Rj8ĜRjd)- 2Bi?2` HvBM; Dmbi rBi?BM i?2 +QM7Q`KH rBM/Qr Q` Dmbi #2HQr Bib
HQr2` 2/;2X 6Q` al(2) rBi? 7mM/K2MiH ~pQm`b- i?2 /i Bb KQ`2 bT`b2- #mi b?Qrb 3
M/ Ry@~pQm` i?2Q`B2b `2 +QM7Q`KH (Rj3ĜR9y) i?2 k@~pQm` +b2 Bb +QM}MBM; (R9R)- M/
i?2 +b2b BM #2ir22M `2 K`;BMH (RjN- R9y- R9kĜR99)X 6Q` i?2 ?B;?2` `2T`2b2MiiBQM-
K2Mr?BH2- bim/B2b ?p2 #22M BM+QM+HmbBp2 7Q` i?2 al(3) (R98ĜR8j) M/ al(4) (R9d- R89)
i?2Q`B2b rBi? bvKK2i`B+ 72`KBQMb- r?BH2 7Q` al(2) rBi? /DQBMi 72`KBQMb  MmK#2` Q7
bim/B2b BM/B+i2 i?i N7 = 2 Bb +QM7Q`KHX h?Bb i?2Q`v rBHH #2 2H#Q`i2/ mTQM KQ`2 BM
i?2 M2ti b2+iBQMX
*m``2Mi rQ`F Bb HQQFBM; iQ 7m`i?2` TBM /QrM i?2 HQr2` 2M/ Q7 i?2 +QM7Q`KH rBM/Qr-
M/ HbQ iQ HQQF 7Q` rHFBM; bB;MHb BM i?2Q`B2b r?B+? `2 #2HB2p2/ iQ #2 M2`@+QM7Q`KH
U7Q` 2tKTH2- (R88) b?Qrb bB;Mb i?i 3@~pQm` 7mM/K2MiH al(3) Kv #2 rHFBM;VX
jX9 h?2Q`B2b lM/2` AMp2biB;iBQM
h?2 irQ i?2Q`B2b mM/2` BMp2biB;iBQM BM i?Bb rQ`F `2 #Qi? al(2) i?2Q`B2b rBi? /DQBMi
72`KBQMbX h?2 /DQBMi `2T`2b2MiiBQM Q7 al(2) Bb `2H- H2/BM; ψG M/ ψ_ iQ #Qi? ?p2
H27i +?B`HBiv- M/ iQ i`Mb7Q`K mM/2` i?2 bK2 `2T`2b2MiiBQM Q7 i?2 ;m;2 ;`QmTX h?Bb
HHQrb i?2 +QK#BMiBQM Q7 i?2 }2H/b BMiQ  bBM;H2 KmHiBTH2ic B7 +?B`H bvKK2i`v #`2Fb-
99









































































































































































































































































































   
   
   
   
   
   
   
   































   
   
   
   
   
   
   











































































































































   
   
   
   
   
   
   
   













































































































































































































































jX :l:1 h>1P_A1a PL h>1 GhhA*1
i?Bb ;Bp2b  #`2FBM; Tii2`M Q7
al(2N7)→ aP(2N7) , UjX8dV
H2/BM; iQ i?2 T`Q/m+iBQM Q7 (N7 + 1)(2N7 − 1) :QH/biQM2 #QbQMb- Q7 r?B+? i?`22 UB7
pBH#H2V `2 2i2M #v q± M/ wX
6`QK i?2 /Bb+mbbBQM BM i?2 T`2pBQmb +?Ti2` UBM T`iB+mH` 2[miBQMb UkXRjV M/
UkXRNVV- i?2 MHvbBb Q7 .B2i`B+? M/ aMMBMQ (jd) TH+2b T2`im`#iBp2 #QmM/b QM i?2
+QM7Q`KH rBM/QrX 6Q` i?2 /DQBMi `2T`2b2MiiBQM- i?2 *bBKB` U2N2V M/ ;`QmT /B@
K2MbBQM UN2−1V 7+iQ`b +M+2H BM/BpB/mHHv- H2pBM; i?2 #QmM/b }t2/ 7Q` HH N X b i?2
2M2`;v b+H2 Bb HQr2`2/- i?2 mTT2` 2M/ Bb 7QmM/ i N A7 [_] = 234 - r?BH2 i?2 HQr2` 2M/ U7i2`
r?B+? +?B`H bvKK2i`v #`2Fb #27Q`2 i?2 }t2/ TQBMi Bb `2+?2/V Bb i N AA7 [_] = 2 340 - M/
i?2 }t2/ TQBMi MQ Bb MQ HQM;2` 7QmM/ #2HQr N AAA7 [_] = 1 116 X
jX9XR JBMBKH qHFBM; h2+?MB+QHQ`
al(2) rBi? irQ /DQBMi .B`+ ~pQm`b Bb `272``2/ iQ b JBMBKH qHFBM; h2+?MB+QHQ`
UJqhVc i?2 HBKBib #Qp2 bm;;2bi i?i Bi b?QmH/ #2 M2`@+QM7Q`KHX >Qr2p2`- KQ`2
`2+2Mi HiiB+2 `2bmHib (R8e) bm;;2bi i?i Bi Bb BM 7+i A_@+QM7Q`KHc i?Bb Bb MQi +QKTH2i2Hv
mM2tT2+i2/- bBM+2 i?2 K2i?Q/b mb2/ BM (jd) r2`2 BM2t+i- `2HvBM; QM i?2 irQ@HQQT #2i
7mM+iBQMX h?2 MK2 Jqh ?b bim+F- ?Qr2p2`X  bim/v Q7 Bib bT2+i`mK (R8e) b?Qrb
b+HBM; Q7 Bib Q#b2`p#H2b, Kbb `iBQb `2KBM TT`QtBKi2Hv +QMbiMi i?`Qm;? i?2 `M;2
bim/B2/X Uh?Bb `M;2 Bb TT`QtBKi2Hv  7+iQ` Q7 e BM i?2 [m`F KbbXV h?Bb K2Mb
i?i mMHBF2 BM  +QM}MBM; i?2Q`v- i?2 TBQM Kbb +MMQi #2+QK2 T`K2i`B+HHv bKHH-
M/ i?2 TBQM  :QH/biQM2 Q7 i?2 i?2Q`v- bBM+2 Bib Kbb Bb +QMbiMi `2HiBp2 iQ Qi?2`
Kbb2b BM i?2 i?2Q`vX
S`2pBQmb HiiB+2 bim/B2b bm+? b (R8e) ?p2 HQQF2/ i i?2 bT2+i`Qb+QTv Q7 i?2 i?2Q`v
M/ i?2 `mMMBM; Q7 i?2 +QmTHBM;X AM +?Ti2` 8 A rBHH T`2b2Mi M BMp2biB;iBQM Q7 i?2
iQTQHQ;v Q7 i?Bb i?2Q`v QM i?2 HiiB+2- b?QrBM; `2bmHib i?i `2 +QMbBbi2Mi rBi? i?2
2tBbiBM; Q#b2`piBQM Q7 A_@+QM7Q`KHBivěbT2+B}+HHv- i?2 iQTQHQ;v Bb 7QmM/ MQi iQ /Bz2`
7`QK i?i Q7 Tm`2 ;m;2 al(2)X  }i 7Q` i?2 MQKHQmb /BK2MbBQM γ∗ Bb ii2KTi2/ #mi
Bb mMbm++2bb7mHX
 Hi2` HiiB+2 bim/v Q7 i?2 i?2Q`v (R8d) `2p2Hb i?i bKHH2` HiiB+2 pQHmK2b bBKm@
Hi2/ `2 z2+i2/ #v }MBi2@bBx2 `i27+ibX h?2 +QM7Q`KH Mim`2 Q7 i?2 i?2Q`v KF2b
9e
jX9 h?2Q`B2b lM/2` AMp2biB;iBQM
bm+? 2z2+ib T`iB+mH`Hv b2p2`2- M/ bQ i?2B` B/2MiB}+iBQM Bb M BKTQ`iMi bi2T BM Mv
HiiB+2 +QKTmiiBQM BM  +QM7Q`KH Q` M2`@+QM7Q`KH i?2Q`vX AM i?2 +b2 Q7 (R8d)- i?2
2z2+ib r2`2 `2p2H2/ #v +?2+FBM; +QMbBbi2M+v rBi? H`;2` HiiB+2b- M/ #v mbBM; rHH@
bK2`2/ bQm`+2b- r?B+? b?Qr2/ i?i i?2 b22KBM;Hv +QMbBbi2Mi `2bmHib r2`2 M `i27+i
Q7 irQ 2z2+ib +M+2HHBM; 2+? Qi?2`X Ai Bb 7QmM/ i?i i?2 BMbiMiQM bBx2 /Bbi`B#miBQM Kv
#2 mb2/ b M //BiBQMH BM/B+iQ` Q7 }MBi2@bBx2 2z2+ibX
jX9Xk al(2)/DL7R
h?2 i?2Q`v i?i 7Q`Kb i?2 KBM #mHF Q7 i?2 rQ`F Q7 i?Bb i?2bBb Bb al(2) rBi? QM2
/DQBMi .B`+ ~pQm`- 7Q` r?B+? A rBHH mb2 i?2 MK2 al(2)/DL7RX Aib +?B`H bvKK2i`v
#`2FBM; Uχa"V T`Q/m+2b QMHv irQ :QH/biQM2 #QbQMbc i?Bb Bb BMbm{+B2Mi iQ ;Bp2 Kbb iQ
i?2 q± M/ w #QbQMbX >Qr2p2`- Bi Bb biBHH rQ`i?v Q7 bim/v, r?BH2 i?2 k@HQQT T2`im`#iBp2
#QmM/b bm;;2bi i?i i?2 i?2Q`v b?QmH/ #2 +QM}MBM;- bBM+2 Jqh ?b #22M 7QmM/ iQ #2
A_@+QM7Q`KH- FMQrBM; i?2 A_ #2?pBQm` Q7 al(2)/DL7R rBHH ?2HT iQ TBM /QrM i?2
HQr2` 2M/ Q7 i?2 +QM7Q`KH rBM/Qr MQM@T2`im`#iBp2HvX Ai HbQ HHQrb /2p2HQTK2Mi Q7 
MmK#2` Q7 K2i?Q/b r?B+? Kv #2 TTHB+#H2 iQ Qi?2` rHFBM; i?2Q`B2bX
AM +?Ti2` 9  }`bi HQQF i i?Bb i?2Q`v QM i?2 HiiB+2 rBHH #2 T`2b2Mi2/- BM+Hm/@
BM; bim/B2b Q7 i?2 K2bQM M/ ;Hm2#HH bT2+i`mK- i?2 bi`BM; i2MbBQM 7`QK qBHbQM M/
SQHvFQp HQQT +Q``2HiQ`b- M/ i?2 MQKHQmb /BK2MbBQM 7`QK i?2 .B`+ QT2`iQ` 2B;2M@
pHm2 /Bbi`B#miBQMX AM +?Ti2` 8- i?2 iQTQHQ;v Q7 i?2 i?2Q`v Bb +QMbB/2`2/ M/ +QKT`2/
rBi? i?i Q7 Jqh M/ Tm`2@;m;2 al(2)X Hi?Qm;? i?2 `2bmHib Q7 (jd) b?Qr i?Bb i?2Q`v
iQ MQi ?p2 M A_6S- i?2 `2bmHib 7QmM/ `2 i2MiiBp2Hv BM/B+iBp2 Q7  i?2Q`v i?i Bb
A_@+QM7Q`KH Q` M2`@+QM7Q`KHc i?2 /Bz2`2M+2 BM A_ #2?pBQm` #2ir22M i?2 MHviB+H
bim/v M/ i?2 HiiB+2 bBKmHiBQM Bb KQbi HBF2Hv ;BM /m2 iQ i?2 TT`QtBKi2 Mim`2 Q7
.B2i`B+? M/ aMMBMQǶb TT`Q+?X
9d
jX :l:1 h>1P_A1a PL h>1 GhhA*1
93
*?Ti2` 9
al(2) rBi? R .B`+ Uk JDQ`MV
6HpQm`b
AM i?Bb +?Ti2` r2 rBHH HQQF i i?2 `2bmHib Q7 M 2tTHQ`iQ`v bim/v Q7 i?2 al(2) i?2Q`v
rBi? QM2 /DQBMi .B`+ ~pQm` Ual(2)/DL7RVX "v  +?M;2 Q7 #bBb- r2 rBHH b?Qr
BM b2+iBQM 9XRXR ?Qr i?Bb +M HbQ #2 pB2r2/ b i?2 bK2 i?2Q`v #mi rBi? irQ J@
DQ`M ~pQm`bX aT2+i`Qb+QTB+ `2bmHib `2 T`2b2Mi2/ BM b2+iBQM 9Xk- r?BH2 iQTQHQ;B+H
Q#b2`p#H2b `2 /272``2/ mMiBH i?2 M2ti +?Ti2`X
9XR J2i?Q/QHQ;v
h?2 bT2+i`Qb+QTv Q7 i?Bb i?2Q`v Bb KQbi `2/BHv mM/2`biQQ/ BM i2`Kb Q7 JDQ`M ~pQm`b
UQ7 r?B+?- 7`QK /2;`22b Q7 7`22/QK `;mK2Mib- i?2`2 `2 irQVc ?Qr2p2`- KQbi 2tBbiBM;
HiiB+2 +Q/2 UBM+Hm/BM; >B_2T- /Bb+mbb2/ BM +?Ti2` eV `2 /2bB;M2/ iQ KQ/2H .B`+
72`KBQMbX h?Bb H2p2b mb rBi?  +?QB+2, r2 Kv bT2M/  HQi Q7 iBK2 /TiBM; i?2 +Q/2
iQ rQ`F rBi? JDQ`M }2H/b UHQM; rBi? i?2 `2[mBbBi2 /2#m;;BM; M/ i2biBM;V- Q` r2
Kv /Ti Qm` `2[mB`2K2Mib bQ i?i r2 +M }M/ T`QT2`iB2b Q7 JDQ`M }2H/b BM i2`Kb
Q7 .B`+ 2[mBpH2Mib- bQ i?i Qm` 2tBbiBM; +Q/2 +M #2 mb2/ mMKQ/B}2/- rBi? QMHv i?2
BMi2`T`2iiBQM Q7 Bib QmiTmi #2BM; Hi2`2/X 6Q` i?Bb rQ`F Bi rb /2+B/2/ i?i i?2 Hii2`
TT`Q+? rQmH/ #2 H2bb iBK2@+QMbmKBM;- M/ bQ BM i?Bb b2+iBQM A rBHH b?Qr i?2 +?M;2
Q7 #bBb i?i rb 7QmM/X
9N
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
9XRXR JDQ`M /2+QKTQbBiBQM
"27Q`2 KQpBM; QM iQ i?2 /2+QKTQbBiBQM T`QT2`- H2i mb }`bi }t i?2 MQiiBQM 7Q` i?Bb








σµ = (1,σ) , σµ = (1,−σ) . U9XkV
σ Bb i?2 j@p2+iQ` 7Q`K2/ 7`QK i?2 SmHB Ki`B+2b,









































JDQ`M bTBMQ`b `2 i?2 bm#b2i Q7 bTBMQ`b r?B+? `2 BMp`BMi mM/2` +?`;2 +QMDm@
;iBQMc BX2X
ψJ* = ψJ . U9XdV
h?2v ?p2 ?H7 i?2 /2;`22b Q7 7`22/QK Q7  .B`+ bTBMQ`X









r?B+? Q#pBQmbHv +QK#BM2 iQ 7Q`K i?2 .B`+ bTBMQ`
ψ = ψJ+ + iψJ− . U9XNV
8y
9XR J2i?Q/QHQ;v
h?Bb /2+QKTQbBiBQM `2[mB`2b i?i ψ M/ Bib +?`;2@+QMDm;i2 HB2 BM i?2 bK2 `2T`2b2Mi@
iBQM Q7 i?2 ;m;2 ;`QmT- i?mb Bb QMHv pHB/ BM `2H UQ` Tb2m/Q`2HV `2T`2b2MiiBQMbc r?BH2
i?2 /DQBMi `2T`2b2MiiBQM Q7 al(N) Bb T2`KBii2/- i?2 7mM/K2MiH Bb MQi- bQ Z*. rBi?
JDQ`M [m`Fb +QmH/ MQi #2 2tTHQ`2/ rBi? i?Bb K2i?Q/X Ai Bb TTHB+#H2 7Q` Mv N -
M/ Mv MmK#2` Q7 .B`+ ~pQm`bc Bi Bb +m``2MiHv mM+H2` B7 Q` ?Qr Bi +QmH/ 2ti2M/ iQ
Q// MmK#2`b Q7 JDQ`M ~pQm`b- Q` r?2i?2` i?i rQmH/ BMi`Q/m+2  bB;M T`Q#H2KX















= ψJ− ; U9XRRV
BX2X i?2 +?`;2 +QMDm;i2b Q7 ψJ± `2 ψJ±- bQ ψJ± `2 BM/22/ JDQ`M bTBMQ`bX
9XRXk +iBQM M/ χa"
h?2 72`KBQMB+ +iBQM Q7 i?2 QM2@~pQm` i?2Q`v iF2b i?2 7Q`K
S7 = ψ/∂ψ +mψψ . U9XRkV
`K2/ rBi? i?2 `22tT`2bbBQM 7`QK i?2 T`2pBQmb b2+iBQM- r2 rQmH/ HBF2 iQ }M/ M
2[mBpH2Mi HBMF #2ir22M i?2 .B`+ M/ JDQ`M +iBQMb
S.B`+ ↔ SJDQ`M U9XRjV
ψ/∂ψ +mψψ ↔ ψJ+/∂ψJ+ +mψJ+ψJ+ + ψJ−/∂ψJ− +mψJ−ψJ− . U9XR9V




























bBM+2 CC = −1 M/ ψψ = (ψψ)h = −ψhψhX h?2M
ψψ = ψJ+ψJ+ + ψJ−ψJ− . U9XRdV
8R
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a




















ψ/∂ψ + ψhC /∂Cψh
]
= ψ/∂ψ , U9XkyV
bBM+2 γ0, γ2 MiB+QKKmi2 rBi? C U#2+mb2 C = −iγ2γ0V- γ1, γ3 +QKKmi2 rBi? C U7Q`
i?2 bK2 `2bQMV- #mi γ1, γ3 ;BM  KBMmb bB;M QM iFBM; i?2 i`MbTQb2- r?BHbi γ0, γ2
/Q MQic //BiBQMHHv-  T`iBH BMi2;`H ?b #22M iF2M iQ im`M i?2 ←−/∂ BMiQ  −→/∂ X
q2 MQr ?p2
S7 = ψ/∂ψ +mψψ = ψJ+/∂ψJ+ + ψJ−/∂ψJ− +m(ψJ+ψJ+ + ψJ−ψJ−) . U9XkRV
q?BH2 i?Bb TT2`b iQ /KBi M al(2) ;HQ#H +?B`H bvKK2i`v- r?B+? rQmH/ MQi #`2F
rBi?  72`KBQM Kbb- i?Bb Bb BM 7+i MQi i?2 +b2- bBM+2 `QiiBM; #2ir22M i?2 JDQ`M
~pQm`b Bb MQi T2`KBii2/X h?2 χa" Bb #2bi mM/2`biQQ/ BM i2`Kb Q7 i?2 q2vH #bBb-
r?2`2 Bi #2+QK2b 2pB/2Mi i?i i?2`2 Bb BM/22/  ;HQ#H al(2) +?B`H bvKK2i`v- #mi BM
i?2 T`2b2M+2 Q7  MQMx2`Q 72`KBQMB+ +QM/2Mbi2 Bi #`2Fb iQ aP(2)X
9XRXj aT2+i`Qb+QTv
b /Bb+mbb2/ BM +?Ti2` j- iQ /Q bT2+i`Qb+QTv r2 M22/ iQ 7Q`K QT2`iQ`b Q7 i?2 +Q``2+i
[mMimK MmK#2`bX 6Q`  K2bQM +QMbBbiBM; Q7 irQ JDQ`M 72`KBQMb- QM2 ψJ+ M/
QM2 ψJ−- M TT`QT`Bi2 QT2`iQ` rQmH/ iF2 i?2 7Q`K
O+−(x) = ψJ+ΓψJ− , U9XkkV
r?2`2 Γ Bb  +QK#BMiBQM Q7 γib ;BpBM; i?2 `2[mBbBi2 [mMimK MmK#2`bX q2 Kv HbQ
+QMbB/2`  K2bQM +QMbBbiBM; Q7 irQ Q7 i?2 bK2 JDQ`M ~pQm`- 7Q` 2tKTH2- ψJ+X
M TT`QT`Bi2 QT2`iQ` Bb i?2M
O++(x) = ψJ+ΓψJ+ . U9XkjV
8k
9XR J2i?Q/QHQ;v
hQ }M/ i?2 Kbb2b Q7 i?2b2 bii2b- b /2b+`B#2/ BM +?Ti2` j- r2 Kmbi iF2 +Q``2HiBQM
7mM+iBQMb Q7 i?2b2 QT2`iQ`bX h?2 +Q``2HiQ` BM [m2biBQM iF2b i?2 7Q`K 〈O†(x)O(0)〉X
9XRX9 _22tT`2bbBM; bT2+i`H [mMiBiB2b
b /Bb+mbb2/ BM i?2 BMi`Q/m+iBQM iQ i?Bb b2+iBQM- r2 MQr rMi iQ }M/  rv Q7 2tT`2bbBM;












((1) + (2) + (3) + (4)) . U9Xk8V
q2 rQmH/ HBF2 iQ `2/m+2 i?Bb iQ #2 BM  KQ`2 7KBHB` 7Q`Kc iQ /Q bQ- r2 +M }M/ 
72r mb27mH B/2MiBiB2bX GQQFBM; }`bi i i2`K (2)- r2 MQiB+2 i?i bBM+2 Bi Bb  MmK#2`- r2
2tT2+i Bi iQ 2[mH Bib i`MbTQb2X TTHvBM; i?Bb-
ψhCΓψ = −ψh(CΓ)hψ , U9XkeV
Ur?2`2 i?2 − bB;M QM i?2 `B;?i@?M/ bB/2 ?b +QK2 7`QK brTTBM; i?2 Q`/2` Q7 i?2
bTBMQ`b BM i?2 i`MbTQb2 iQ KF2 i?2 +QKT`BbQM +H2`VX *QKT`BM; i?2 irQ 2tT`2bbBQMb-
r2 b22 i?i 2Bi?2` CΓ = −(CΓ)h- Q` (2) = 0X h?mb r2 Kv ǳbrBi+? QzǴ i?2 i2`K B7
i2biBM; i?2 }`bi `2HiBQM b?Qrb Bi Bb 7Hb2X h?2 bK2 TTHB2b iQ i2`K (3)- rBi? i?2 bK2
+QM/BiBQMX
J2Mr?BH2 7Q` i2`K (4)- mbBM; i?2 bK2 B/2 b #Qp2 i?i i?2 i`MbTQb2 Q7 i?2
i2`K b?QmH/ 2[mH i?2 i2`K Bib2H7- r2 b22
−ψhCΓCψh = ψCΓhCψ = ±ψΓψ , U9XkdV
UbBM+2 C Bb b2H7@i`MbTQb2V r?2`2 i?2 bB;M Q7 i?2 ± Bb i?2 bK2 b i?i BM i?2 `2HiBQM
CΓhC = ±ΓX h?Bb `2HiBQM rBHH Hrvb ?QH/- bBM+2 Γ Bb  +QK#BMiBQM Q7 γi- r?B+? 2+?
TB+F mT i KQbi  +?M;2 Q7 bB;M QM i`MbTQbBM;- M/ C UHbQ #2BM; +QKTQb2/ Q7 γibV
8j
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
rBHH +QKKmi2 Q` MiB+QKKmi2 rBi? ΓX h?mb (4) = ±(1)c BX2X
(1) + (4) =
{
0 B7 (4) = −(1),
2× (1) B7 (4) = (1). U9Xk3V
h?mb #v i2biBM; irQ `2HiBQMb- i?2 2tT`2bbBQM Kv #2 +mi /QrM #v i H2bi QM2 UTQ@
i2MiBHHv i?`22V i2`KbX AM 7+i  KBMBKmK Q7 irQ i2`Kb `2 +mHH2/- rBi? 2Bi?2` i2`Kb
(2) + (3) Q` (1) + (4) /`QTTBM; Qmi- b Bb b?QrM BM i#H2 9XRX
Γ (CΓ)h ⇒ (2) + (3) (CΓhC) ⇒ (1) + (4)
1 − (CΓ) " −Γ
γ0 +(CΓ) +Γ "
γ +(CΓ) +Γ "
γ0γ +(CΓ) +Γ "
γ5γ0 − (CΓ) " −Γ
γ5γ − (CΓ) " −Γ
γ0γ5γ +(CΓ) +Γ "
γ5 − (CΓ) " −Γ
h#H2 9XR, h?2 i2`Kb BM 2[miBQM U9Xk9V i?i /Q MQi +M+2H `2 K`F2/ rBi?  "X








Γ = 1, γ5γµ, γ5
1
2iψΓψ Γ = γµ, γ0γ, γ0γ5γ .
U9XkNV
qBi? i?2 bBKTH2bi 7Q`Kb Q7 i?2 K2bQM QT2`iQ`b BM ?M/- r2 MQr HQQF iQ +H+mHi2
+Q``2HiBQM 7mM+iBQMb Q7 i?2KX G2i mb iF2  /2iQm` pB .B`+ 72`KBQMb, BM i?2 +b2 Q7



























rBi? ψaψb BM/B+iBM;  qB+F +QMi`+iBQMX q2 ?p2 /2}M2/ Γ = γ0Γ†γ0- M/ QMHv QM2

















= −i`ΓD−1 (x; 0)ΓD−1 (0;x) . U9Xj9V
LQr B7 r2 im`M Qm` ii2MiBQM #+F iQ i?2 irQ@JDQ`M +b2- r2 b22 i?i QM2 Q7 i?2
+b2b TT2`b iQ ?p2  bBKBH` 7Q`K- O(x) = 12iψΓψX >Qr2p2`- bBM+2 i?2`2 Bb QMHv QM2









































(i`ΓD−1 (x;x)ΓD−1 (0; 0)− i`ΓD−1 (x; 0)ΓD−1 (0;x)) .
U9XjNV
h?2 b2+QM/ i2`K ?2`2 HQQFb HBF2 i?2 7KBHB` QM2 #Qp2- M/ H2M/b Bib2H7 iQ MHvbBb mbBM;
wka1JqHH bQm`+2b b /2b+`B#2/ BM b2+iBQM jXkXk,- #mi i?2 }`bi i2`K Bb KQ`2 T`Q#H2K@
iB+X h?2 T`QT;iQ`b `2T`2b2Mi /Bb+QMM2+i2/ /B;`Kb- M/ i?2v 2MiBH +M+2HHiBQMb
r?B+? `2bmHi BM Mv bB;MH #2BM; brKT2/ #v biiBbiB+H MQBb2X aBM+2 i?2 i2+?MB[m2b 7Q`
/2HBM; rBi? i?2b2 i2`Kb U/Bb+mbb2/ BM b2+iBQM jXkXkXkV `2 KQ`2 /2KM/BM; #Qi? +QK@
TmiiBQMHHv M/ MHviB+HHv- i?2 +?MM2Hb rBi?Qmi bm+?  i2`K r2`2 +QMbB/2`2/ }`biX
S`2HBKBM`v `2bmHib 7`QK i?2 bim/v BM+Hm/BM; i?2 /Bb+QMM2+i2/ +?MM2Hb `2 BM+Hm/2/
#2HQrX





































9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a





























































BB (0;x) , U9X8RV










= −2i`ΓCD−1h (0;x)CΓD−1 (0;x) . U9X8kV

















































i`CabΓbcD−1cA,dB (x; 0)ΓdeCefD−1aA,fB (x; 0) U9XeRV
− i`CabΓbcD−1aA,dB (x; 0)ΓdeCefD−1cA,fB (x; 0)
]
U9XekV
= −i`CΓD−1 (x; 0)ΓCD−1h (x; 0) + i` (CΓ)hD−1 (x; 0)ΓCD−1h (x; 0) U9XejV
= −2i`CΓD−1 (x; 0)ΓCD−1h (x; 0) U9Xe9V
= −2i`CΓγ5D−1† (0;x) γ5ΓCγ5D−1∗ (0;x) γ5 U9Xe8V







= −2i` (ΓCD−1h (0;x)CΓD−1 (0;x))† , U9Xe3V
r?2`2 r2 ?p2 mb2/,
Ç i?2 +v+HB+Biv Q7 i?2 i`+2
Ç γ5Γγ5 = ±Γ⇔ γ5Γγ5 = ±Γ
Ç Γ† = ±Γ⇔ Γ† = ±Γ
Ç γ5D−1† (y;x) γ5 = D−1 (x; y) X
amKKBM; i?2b2 +QMi`B#miBQMb- i?2 K2bQM +Q``2HiQ` 7Q` O(x) = ψJ+(x)ΓψJ−(x)-










F (0;x) = i`ΓCD−1h (0;x)CΓD−1 (0;x) . U9XdyV
q2 Kv T2`Kmi2 i?2 Cb Qmi iQ ;Bp2
F (0;x) = i`ΓD−1 (x; 0)ΓD−1 (0;x) , U9XdRV
r?B+? Bb i?2 bK2 7Q`K b i?2 irQ@~pQm` .B`+ +Q``2HiQ` Q7 2[miBQM U9Xj9VX hFBM;
8d
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
i?2 >2`KBiBM +QMDm;i2 Q7 i?Bb-
F † (0;x) = i`D−1† (0;x)Γ†D−1† (x; 0)Γ† U9XdkV
= i`ΓD−1h (0;x)ΓD−1h (x; 0) U9XdjV
= i`CΓCD−1 (x; 0)CΓCD−1 (0;x) U9Xd9V
= i`ΓD−1 (x; 0)ΓD−1 (0;x) ; U9Xd8V





i`ΓD−1 (x; 0)ΓD−1 (0;x) . U9XdeV






−14i`ΓD−1 (x; 0)ΓD−1 (0;x) Γ = 1, γ5γµ, γ5
1
4
(i`ΓD−1 (x;x)ΓD−1 (0; 0)
−i`ΓD−1 (x; 0)ΓD−1 (0;x)) Γ = γµ, γ0γ, γ0γ5γ .
U9XddV
9XRX9Xk S**
_2+HH 7`QK +?Ti2` j i?i i?2 qBHbQM 72`KBQM 7Q`KmHiBQM `2[mB`2b imMBM; Q7 i?2 #`2
72`KBQM Kbb iQ `2biQ`2 +?B`H bvKK2i`v- r?B+? rb 2tTHB+BiHv #`QF2MX hQ /Q i?Bb r2
KF2 mb2 Q7 i?2 tBH MQKHv- Q` T`iBHHv +QMb2`p2/ tBH +m``2Mi US**VX h?Bb Bb
7mHHv +QMb2`p2/ BM i?2 T`2b2M+2 Q7 +?B`H bvKK2i`v- bQ r2 HQQF 7Q` Bib /2`BpiBp2 iQ #2






t ⟨P (x)P (0)⟩
, U9Xd3V
r?2`2
A0(x) = ψJ+(x)γ0γ5ψJ−(x) U9XdNV
P (x) = ψJ+(x)γ5ψJ−(x) . U9X3yV
h?2 /2MQKBMiQ` Bb bBKTHv i?2 K2bQM +Q``2HiQ` #Qp2 rBi? Γ = γ5c i?2 MmK2`@
iQ` K2Mr?BH2 Bb BM 2z2+i  ǳKBt2/Ǵ +Q``2HiQ` M/ `2[mB`2b bT2+BH ii2MiBQMX :QBM;
83
9XR J2i?Q/QHQ;v











i` γ5D−1 (x; 0) γ0γ5D−1 (0;x) . U9X3RV
>TTBHv- HH Q7 i?2 `2bmHib 7QmM/ i?mb 7` 2[mi2 UmT iQ KmHiBTHB+iBp2 +QMbiMib-
r?B+? /`QT Qmi r?2M `iBQb `2 iF2MV iQ R@~pQm` .B`+ +Q``2HiQ`bc i?mb #Qi? +Q/2
7Q` M/ `2bmHib 7`QK bBKmHiBQMb Q7 R .B`+ ~pQm` HbQ TTHv iQ M/ ;Bp2 `2bmHib 7Q` k
JDQ`M ~pQm`bX
9XRX9Xj O++
h?Bb +b2 ?b MQi #22M HQQF2/ i BM /2iBH 7Q` i?Bb T`QD2+ic ?Qr2p2`- B7 QM2 r2`2 BM@






2ψΓψ + ψhCΓψ + ψΓCψh
)
Γ = 1, γ5γµ, γ5
0 Γ = γµ, γ0γ, γ0γ5γ ,
U9X3kV








[i` (ΓD−1 (x;x)) i` (ΓD−1 (0; 0))
−2i` (ΓD−1 (x; 0)ΓD−1 (0;x))] Γ = 1, γ5γµ, γ5
0 Γ = γµ, γ0γ, γ0γ5γ .
U9X3jV
Hi?Qm;? i?2 Qp2`HH 7Q`K Bb /Bz2`2Mi iQ i?2 QM2 .B`+ ~pQm` +b2- i?2 irQ i2`Kb
`2 #Qi? Q7 i?2 bK2 7Q`K b i?2B` .B`+ +QmMi2`T`ib- i?mb i?2v rQmH/ #2 ++2bbB#H2
7`QK i?2 bK2 +Q/2 M/ QmiTmiX
8N



























[i` (ΓD−1 (x;x)) i` (ΓD−1 (0; 0))











(i`ΓD−1 (x;x)ΓD−1 (0; 0)






h#H2 9Xk,  bmKK`v Q7 i?2 BKTQ`iMi `2bmHib Q7 b2+iBQM 9XRX
9Xk _2bmHib
aBM+2 i?2 i?2Q`v ?b MQi #22M BMp2biB;i2/ QM i?2 HiiB+2 #27Q`2- r2 `2 bQK2r?i
ǳb?QQiBM; BM i?2 /`FǴ rBi? `2;`/b iQ i?2 T`K2i2`b iQ mb2X "b2/ QM `2Hi2/ i?2Q@
`B2b- r2 Kv KF2 M 2/m+i2/ ;m2bb b iQ r?2`2 i?2 `2;BQM Q7 BMi2`2bi rBHH #2- #mi 
T`2HBKBM`v bim/v Bb M2+2bb`v iQ M``Qr /QrM i?Bb `M;2 iQ KF2 bBKmHiBQM Q7 BMi2`@
2biBM; T?vbB+b 72bB#H2X A7 β Bb iF2M iQQ bKHH- BX2X H`;2 a- i?2M HH i?i Bb Q#b2`p2/ Bb 
i?2Q`v Q7 HiiB+2 `i27+ib Ui?2 ǳ#mHFǴV- bBM+2 i?2 HiiB+2 #2+QK2b iQQ +Q`b2 iQ `2bQHp2
T?vbB+bX >Qr2p2`- i?2 H`;2` β Bb iF2M- i?2 H`;2` HiiB+2b Kmbi #2 iQ +?B2p2 i?2 bK2
T?vbB+H bBx2- r?B+? BM+`2b2b bBKmHiBQM iBK2 M/ 2tT2Mb2 `TB/HvX J2Mr?BH2 B7 m Bb
iF2M iQQ bKHH- i?2M r2 BM 2z2+i ?p2  M2;iBp2 72`KBQM Kbb- M/ bQ 2M/ mT bBKmHi@
BM; MmK2`B+H `i27+ibc B7 m Bb p2`v H`;2- i?2M i?2 72`KBQMb #2+QK2 ?2pv M/ KB;?i
b r2HH #2 [m2M+?2/- MQi iQ K2MiBQM i?i r2 rBHH #2 /BbiMi 7`QK i?2 +?B`H `2;BQM Q7
BMi2`2biX
hQ i?Bb 2M/ i?2 TBHQi bim/v bQm;?i iQ KT i?2 T?b2 /B;`K- #v HQQFBM; i i?2
p2`;2 TH[m2ii2 QM  44 HiiB+2c i?2 TH[m2ii2 Bb  +?2T Q#b2`p#H2 iQ +H+mHi2 M/
Bb MQi b2p2`2Hv |B+i2/ #v }MBi2@bBx2 2z2+ibX q2 2tT2+i iQ b22  T?b2 i`MbBiBQM /m2
iQ i?2 #mHF 2z2+ib- pBbB#H2 b  b?`T DmKT BM i?2 p2`;2 TH[m2ii2X q2 +?QQb2 
pHm2 Q7 β HvBM; #Qp2 i?Bb- r?2`2 i?2 i`MbBiBQM ?b im`M2/ BMiQ  +`QbbQp2`- #mi b
ey
9Xk _2bmHib
+HQb2 b TQbbB#H2 rBi?Qmi `BbFBM; 2Mi2`BM; i?2 #mHF T?b2- iQ pQB/ ?pBM; iQQ bKHH 
HiiB+2 bT+BM;X PM+2 i?2 #mHF i`MbBiBQM ?b #22M pQB/2/- Mv `2KBMBM; +?M;2b BM






































6B;m`2 9XR, h?2 T?b2 /B;`K Q7 i?2 i?2Q`v- b?QrBM; i?2 p2`;2 TH[m2ii2 +`Qbb 
`M;2 Q7 pHm2 Q7 β M/ mc i?2 `2;BQM Q7 BMi2`2bi rb B/2MiB}2/ `QmM/ β = 2.05,m = −1.5X
_mMb r2`2 T2`7Q`K2/ #2ir22M 1.4 ≤ β ≤ 2.8 M/ −1.7 ≤ m ≤ 0.1- rBi?  `2bQHmiBQM
Q7 0.1 BM 2+? /B`2+iBQMc QM+2 i?2 `2;BQM Q7 BMi2`2bi rb M``Qr2/ /QrM- //BiBQMH `mMb
r2`2 iF2M 2p2`v 0.05 BM 2+? /B`2+iBQM 7Q`  +HQb2` HQQFX h?2 `2bmHib Q7 i?Bb bim/v
`2 b?QrM BM };m`2 9XRc i?2 #mHF T?b2 i`MbBiBQM Bb pBbB#H2- 7Q` 2tKTH2- i β = 1.9-
m = −1.65X h?2 `2;BQM Q7 BMi2`2bi rb 7QmM/ iQ HB2 i `QmM/ β = 2.05,m = −1.5X
9XkXR JQMi2 *`HQ
hQ 2Mbm`2 i?i i?2 `2bmHib `2 QM i?2 }`K2bi TQbbB#H2 7QQiBM;- r2 +?Qb2 MQr iQ M``Qr
Qm` 7Q+mb iQ  bBM;H2 β- MK2Hv β = 2.05- rBi? i?2 BMi2MiBQM Q7 `2pBbBiBM; Qi?2` pHm2b
Q7 β QM+2 i?2 i?2Q`v Bb #2ii2`@2tTHQ`2/X i i?Bb β pHm2- bBKmHiBQMb r2`2 T2`7Q`K2/
i HiiB+2 bBx2b Q7 16 × 83- 24 × 123- 32 × 163- M/ 48 × 243-R i pHm2b Q7 i?2 #`2
72`KBQM Kbb #2ir22M −1.523 ≤ m ≤ −1.475- rBi? m = −1.523 #2BM; i?2 +HQb2bi TQBMi
Q#iBM#H2 iQ i?2 +?B`H HBKBic ;QBM; #2vQM/ i?Bb `2[mB`2/ H`;2` HiiB+2b i?M +QmH/ #2
`2bQM#Hv bBKmHi2/ rBi? pBH#H2 `2bQm`+2bX h?2 T`K2i2`b mb2/ 7Q` 2+? `mM `2
b?QrM BM i#H2 9XjX
RM 2tTHQ`iQ`v `mM rb T2`7QK2/ i  HiiB+2 bBx2 Q7 64 × 323c rBi? i?2 `2bmHib mb2/ QMHv 7Q` i?2
pBbmHBbiBQMb /Bb+mbb2/ BM TT2M/Bt X
eR
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
GiiB+2 V −am0 N+QM7 ++2TiM+2 NT7 tH2M nbi2Tb J+?BM2
R 16× 83 1.475 k9yy 91.4W R RXy Ry a*
k 16× 83 1.500 kkyy 90.9W R RXy Ry a*- lG
j 16× 83 1.510 k9yy 89.8W R RXy Ry a*- lG
9 16× 83 1.510 9yyy 92.4W k RXy 3 a*
"R 24× 123 1.475 k9yy 79.9W R RXy Ry a*- lG
"k 24× 123 1.500 kjyy 78.7W R RXy Ry a*- lG
"j 24× 123 1.510 9yyy 88.5W k RXy Ry a*- lG
*R 32× 163 1.475 kRyy 90.6W R RXy ky a*
*k 32× 163 1.490 kjyy 90.0W R RXy ky a*- lG
*j 32× 163 1.510 kkyy 89.4W R RXy ky lG
*9 32× 163 1.510 kjyy 83.2W k 9Xy 98 ":S
*8 32× 163 1.514 kjyy 89.8W R RXy ky lG- ":S
*e 32× 163 1.519 kjyy 81.8W R RXy ky lG- ":S
*d 32× 163 1.523 kkyy 88.0W R RXy ky a*
.R 48× 243 1.510 R8j9 80.5W k 9Xy e8 ":S
.k 48× 243 1.523 kRe3 91.4W R RXy 9y ":S
h#H2 9Xj, GiiB+2b +QMbB/2`2/ M/ T`K2i2`b mb2/X AM i?2 J+?BM2 +QHmKM- a* `272`b iQ
M t3e@e9 +Hmbi2` BM arMb2 lMBp2`bBiv- lG iQ i?2 lG:Z*. K+?BM2 BM GBp2`TQQH- M/
":S iQ i?2 ǵTvtBbǶ "Hm2 :2M2fS K+?BM2 UT`i Q7 i?2 ah6* .B_* 7+BHBivV BM arMb2
lMBp2`bBivX
GiiB+2 V −am0 "HQ+F bBx2 amS** amγ5
R 16× 83 1.475 jy yXR93NUNV yXNdR3UjRV
k 16× 83 1.500 jy yXRRyRURkV yX39y3U9dV
j 16× 83 1.510 jy yXyNy9UR9V yXdeR3Ue9V
9 16× 83 1.510 jy yXy3dkUkkV yXd9dURyV
"R 24× 123 1.475 jy yXR9NjU8V yXNdk3UR3V
"k 24× 123 1.500 jy yXRRRjU3V yX399NUjRV
"j 24× 123 1.510 9y yXyNkkeUNkV yXdeN9U9yV
*R 32× 163 1.475 jy yXR938U9V yXNdyyUR9V
*k 32× 163 1.490 jy yXRkdNUkV yXNyjNUNV
*j 32× 163 1.510 jy yXyNRRRUjRV yXde9eUR8V
*9 32× 163 1.510 9y yXyNy93U8kV yXdeReUk8V
*8 32× 163 1.514 jy yXy3kkjUj9V yXdk8eUR3V
*e 32× 163 1.519 jy yXye83dUjdV yXe9e3UkkV
*d 32× 163 1.523 jy yXy939yU89V yX893yUjeV
.R 48× 243 1.510 9y yXyNRjyUkdV yXde8jUR9V
.k 48× 243 1.523 jy yXy9dkkU9jV yX89RkUkNV
h#H2 9X9, S** M/ Tb2m/Qb+H` K2bQM KbbX
ek
9Xk _2bmHib
GiiB+2 V −am0 "HQ+F bBx2 a√σ am0++
R 16× 83 1.475 ě yX9k9URjV 0.8422± 0.0968
k 16× 83 1.500 ě yXjj8URyV 0.7320± 0.0885
j 16× 83 1.510 ě yXkNNURkV 0.5690± 0.0585
9 16× 83 1.510 Rey ě 0.5873± 0.0553
"R 24× 123 1.475 ě yXjd3URNV 0.9582± 0.1174
"k 24× 123 1.500 ey ě 0.7296± 0.1092
"j 24× 123 1.510 RNR yXjkkURyV 0.5284± 0.1494
*R 32× 163 1.475 ě yX9jeUeyV 0.9654± 0.1057
*k 32× 163 1.490 ě yXjdNU99V 0.8265± 0.0644
*j 32× 163 1.510 ě yXjR3URRV 0.5985± 0.0573
*9 32× 163 1.510 Ryj ě 0.5901± 0.0438
*8 32× 163 1.514 ě yXjkkURjV 0.5530± 0.0415
*e 32× 163 1.519 ě yXk38NUd8V 0.3689± 0.0437
*d 32× 163 1.523 ě yXkje3U39V 0.3146± 0.0278
.R 48× 243 1.510 8N ě 0.4609± 0.0553
.k 48× 243 1.523 ě yXkj89U8eV 0.3595± 0.0219
h#H2 9X8, :Hm2#HH Kbb2b M/ bi`BM; i2MbBQM- b +QKTmi2/ #v "B;BQ Gm+BMB M/ M/`2b
i?2MQ/Q`QmX
GiiB+2 V −am0 m 1
2
m1 mγµ mγ5γµ
"R 24× 123 1.475 RXdydUkyV ě RXReykURRV kXjyjU8yV
"k 24× 123 1.500 RX8dNU89V yXe9UkyV RXy8y9UR3V kXyejU9yV
"j 24× 123 1.510 RXj8k9U3RV yX93UkyV ě ě
*9 32× 163 1.510 RXjj9UR3V yXe8UkRV ě ě
*8 32× 163 1.514 RXk9kU88V yX9yjU3yV yXN9keUk3V RXed3UdjV
*e 32× 163 1.519 RXRjeU98V yXkNeUNeV yX3ejNU9RV RXe3jUekV
.k 48× 243 1.523 yXNyyU9RV yXk3URkV yXd8NUk9V RXkRU8RV
h#H2 9Xe, Jbb2b Q7 i?2 bTBM@ 12 T`iB+H2 M/ Q7 i?2 b+H`- p2+iQ`- M/ tBH p2+iQ`K2bQMb UBM+Hm/BM; i?2 /Bb+QMM2+i2/ +QMi`B#miBQM r?2`2 TT`QT`Bi2V- b +QKTmi2/ #v :2Q`;
"2`;M2`X
GiiB+2 V −am0 a b
9 16× 83 1.510 yXye8j8UeV −0.08876(7)
"j 24× 123 1.510 yX988dkUkV −0.25534(3)
*9 32× 163 1.510 yXydejyU9V −0.08542(5)
.R 48× 243 1.510 yXykjkkUkV −0.05136(2)
.k 48× 243 1.523 yXRd833UkV −0.14952(2)
h#H2 9Xd, _2bmHib Q7 i?2 }i Q7 i?2 biiB+ TQi2MiBH 7`QKqBHbQM HQQTb b V (r) = a+b/r+σr-
rBi? σ b2i iQ i?2 pHm2 7QmM/ 7`QK SQHvFQp HQQT +Q``2HiQ`bX
ej



























































Number of applications of the Dirac operator
Lowest eigenvalue of the Dirac operator
Average plaquette  0.56
6B;m`2 9Xk, h?2 `mM ?BbiQ`v 7Q` i?2 .R HiiB+2c i?2 TH[m2ii2 Bb b?B7i2/ p2`iB+HHv iQ
BKT`Qp2 i?2 b+HBM; QM i?2 y@tBbX
M 2tKTH2 `mM ?BbiQ`v 7Q` i?2 _>J* Bb b?QrM BM };m`2 9XkX b rQmH/ #2 2tT2+i2/-
7i2` M BMBiBH i?2`KHBbiBQM T2`BQ/- i?2 p2`;2 TH[m2ii2- MmK#2` Q7 TTHB+iBQMb Q7
i?2 .B`+ QT2`iQ` `2[mB`2/- M/ i?2 HQr2bi 2B;2MpHm2 Q7 i?2 .B`+ QT2`iQ` HH ~m+imi2
`QmM/ 2[mBHB#`BmK pHm2bX
9XkXk aT2+i`Qb+QTv
aT2+i`Qb+QTB+ Q#b2`p#H2b K2bm`2/ r2`2 i?2 Kbb2b Q7 i?2 Tb2m/Qb+H`- b+H`- p2+iQ`-
M/ tBH p2+iQ` K2bQMbR- i?2 bTBM@12 bii2k- Q7 i?2 0++ ;Hm2#HHjc Qi?2` K2bQMB+ bii2b
r2`2 7QmM/ iQ #2 iQQ MQBbv iQ ;2i `2bmHib 7`QK- M/ r2`2 /272``2/ iQ  Hi2` bim/vX >B;?2`
;Hm2#HH bii2b r2`2 7QmM/ iQ ?p2 p2`v TQQ` biiBbiB+bc i?Bb Bb MQi bm`T`BbBM;- bBM+2
;Hm2#HHb `2 BM ;2M2`H MQBbv Q#b2`p#H2bX h?2 bT2+i`Qb+QTB+ `2bmHib `2 bmKK`Bb2/
BM };m`2b 9Xj- r?2`2 i?2v `2 b?QrM BM HiiB+2 mMBib- M/ 9X9- r?2`2 i?2v `2 ;Bp2M b
Rh?2 p2+iQ` M/ tBH p2+iQ` r2`2 K2bm`2/ mbBM;  +Q/2 i?i /2Hb /B`2+iHv rBi? JDQ`M 72`KBQMb
`i?2` i?M i`MbHiBM; 7`QK .B`+ `2bmHibX
kh?2 bTBM@?H7 bii2 Bb  #QmM/ bii2 Q7  ;HmQM M/  JDQ`M 72`KBQMc BM bmT2`bvKK2i`B+ i?2Q`B2b
Bi Bb `272``2/ iQ b i?2 ;HmBMQ@;Hm2 bii2X Ai Bb K2bm`2/ rBi? M QT2`iQ` Q7 i?2 7Q`K∑µν σµνi`[FµνψJ±]-
r?2`2 σµν = 12 [γµ, γν ]X Ai Bb HbQ K2bm`2/ rBi? i?2 7Q`2K2MiBQM2/ +Q/2 i?i rQ`Fb /B`2+iHv rBi? J@
DQ`M 72`KBQMbX (R83)
jq2 2tT2+i i?i- ?pBM; b i?2v /Q i?2 bK2 [mMimK MmK#2`b- i?2 0++ ;Hm2#HH M/ i?2 b+H`
bii2 rBHH #2 i?2 bK2 bvKTiQiB+ bii2c i?2 irQ i2`Kb `2 mb2/ ?2`2 iQ `272` iQ i?2 ;HmQMB+ M/ K2bQMB+



















6B;m`2 9Xj, _r bT2+i`Qb+QTB+ `2bmHib 7Q` i?2 Tb2m/Qb+H` M/ p2+iQ` K2bQM Kbb2b- i?2
0++ ;Hm2#HH- i?2 bTBM@12 bii2- M/ i?2 7mM/K2MiH bi`BM; i2MbBQMX
`iBQb rBi? `2bT2+i iQ i?2 bi`BM; i2MbBQMc i?2 `r /i `2 b?QrM BM i#H2b 9X9- 9X8- M/
9XeX h?2 bi`BM; i2MbBQM rb +H+mHi2/ 7`QK +Q``2HiQ`b Q7 SQHvFQp HQQTb UHbQ b?QrM
BM i#H2 9X8VX 1tKTH2b Q7 i?2 THi2mt M/ +mib K/2 7Q` i?2b2 p`B#H2b `2 b?QrM BM
};m`2 9X8X hQTQHQ;B+H Q#b2`p#H2b r2`2 HbQ +QMbB/2`2/c i?2b2 `2 /Bb+mbb2/ BM /2iBH
BM +?Ti2` 8X
h?2 `iBQ Q7 i?2 Tb2m/Qb+H`- p2+iQ`- M/ tBH p2+iQ` K2bQM Kbb2b iQ i?2 bi`BM;
i2MbBQM `2KBM +QMbiMi rBi?BM 2σ 7Q` i?2 2MiB`2 `M;2 Q#b2`p2/X h?2 bTBM@12 bii2
#2?p2b bBKBH`Hv- H#2Bi rBi?  bHB;?i `Bb2 i ?B;?2` 72`KBQM Kbb2bX h?2 0++ ;Hm2#HH
?b  Kbb +QKT`#H2 rBi? i?2 b+H` K2bQM M2` i?2 +?B`H HBKBi- r?BH2 ;BM HvBM;
bHB;?iHv ?B;?2` i ?B;?2` 72`KBQM Kbb2bX h?2 b+H` K2bQM Bb +QMbBbi2Mi rBi? #2BM; i?2
HB;?i2bi bii2 BM i?2 `2;BQM BM r?B+? Bi rb +H+mHi2/, i?2 2``Q` #`b `2 bm{+B2MiHv H`;2
i?i i?2 Tb2m/Qb+H` Bb rBi?BM irQ biM/`/ 2``Q`b UQ` QM2- i ?B;?2` 72`KBQM KbbV-
bQ BM T`BM+BTH2 QM2 Q` irQ TQBMib +QmH/ HB2 ?B;?2`c ?Qr2p2`- i?2 2``Q`b `2 biiBbiB+H BM
Mim`2- bQ i?2 HBF2HB?QQ/ Q7 HH TQBMib HvBM; i i?2B` +m``2Mi HQ+iBQMb r?BH2 ?pBM; 
ǳi`m2Ǵ pHm2 #Qp2 i?i Q7 i?2 Tb2m/Qb+H` Bb 2ti`2K2Hv bKHHX
hQ 2Mbm`2 i?i Qm` bim/v Bb MQi |B+i2/ rBi? }MBi2@bBx2 `i27+ib-  b2i Q7 `mMb r2`2
T2`7Q`K2/ i HH HiiB+2 bBx2b mb2/- i m = −1.51- M/ i?2B` T`QT2`iB2b +QKT`2/X h?2
bT2+i`Qb+QTv Q7 i?Bb b2i Q7 `mMb Bb b?QrM BM };m`2 9Xec r2 Q#b2`p2 M Qp2`HT Q7 i?2
`2bmHib 7`QK i?2 i?`22 H`;2bi HiiB+2b- rBi? i?2 bKHH2bi HvBM;  rv rv- BM/B+iBM;
}MBi2@bBx2 2z2+ib i i?Bb HiiB+2 bBx2X
e8
























6B;m`2 9X9, aT2+i`Qb+QTB+ `2bmHib- b?QrBM; i?2 Tb2m/Qb+H`- b+H`- p2+iQ`- M/ tBH
p2+iQ` K2bQMb- i?2 bTBM@ 12 bii2- M/ i?2 0++ ;Hm2#HH- MQ`KHBb2/ #v i?2 bi`BM; i2MbBQM- b 7mM+iBQM Q7 i?2 S** 72`KBQM KbbX i 2+? #`2 72`KBQM Kbb- QMHv i?2 /i 7`QK i?2
H`;2bi pBH#H2 HiiB+2 Bb b?QrM UrBi? i?2 2t+2TiBQM Q7 i?2 b+H` bii2 im = −1.51- r?2`2
i?2 "j `2bmHib `2 mb2/ Qp2` i?2 *9 `2bmHib /m2 iQ bB;MB}+MiHv HQr2` 2``Q`bVX TT`QtBKi2
THi2mt `2 HbQ b?QrMX
aBM+2 r2 MQr FMQr r?2`2 }MBi2@pQHmK2 2z2+ib #2;BM iQ 2t?B#Bi i?2Kb2Hp2b BM i?2
+b2 Q7 QM2 m UM/ ?2M+2 σV- r2 Kv mb2 i?2 +QM/BiBQM i?i L√σ Ui?2 MQ`KHBb2/
HiiB+2 2ti2MiV `2KBMb +QMbiMi iQ +QMbi`BM Qm` HiiB+2 pQHmK2b i Qi?2` pHm2b Q7 mX
h?Bb +QMbi`BMi 2t+Hm/2b HH Q7 i?2 16×83 HiiB+2b 7`QK +QMbB/2`iBQM- bBM+2 i?2v HH 7HH
BM i?2 `2;BQM z2+i2/ #v }MBi2@pQHmK2 `i27+ibX
9XkXj aiiB+ TQi2MiBH 7`QK qBHbQM HQQTb
h?2 +QM};m`iBQMb 7`QK i?Bb b2i Q7 `mMb r2`2 HbQ mb2/ UHQM; rBi? i?2 .k /iV iQ
MHvb2 i?2 biiB+ 72`KBQM TQi2MiBH- pB qBHbQM HQQT +H+mHiBQMbc i?2 b2i Q7 TQi2MiBHb
7QmM/ Bb b?QrM BM };m`2 9Xd- rBi? M 2tKTH2 Q7  }i Q7 i?2 /i b?QrM BM };m`2 9Xd#X
h?2 `2bmHib 7Q` i?2 9- *9- M/ .R /i Qp2`HTc i?2 "j /i K2Mr?BH2 `2 /BbTH+2/
#v ∼ 0.2X aBM+2 i?2 16 × 83 /i `2 #2HB2p2/ iQ #2 |B+i2/ #v }MBi2 bBx2 `i27+ib-
i?2 /BbTH+2/ +b2 Bb M 2/;2 +b2 bQ  /Bb;`22K2Mi Bb H2bb rQ``vBM; i?M Bi rQmH/ #2
BM- 7Q` 2tKTH2- i?2 *9 /iX >Qr2p2`- i?2 /BbTH+2K2Mi +M #2 2MiB`2Hv 2tTHBM2/ #v
i?2 bK2`BM; mb2/, bBM+2 i?2 bK2`BM; T`Q+2/m`2 rb mb2/ QM HH HBMFb- `i?2` i?M













































U+V h?2 72`KBQM TQi2MiBH BM i?2 (1, 0, 0) /B`2+iBQMX
6B;m`2 9X8, SHi2mt Q7 p`BQmb Q#b2`p#H2b QM i?2 32× 163 HiiB+2X
b?B7i2/X h?2 /i iF2 i?2 7Q`K
V (r) = α+
β
r
+ σr . U9X39V
h?2 7+iQ`b α M/ β `2 /2T2M/2Mi QM i?2 bK2`BM; T`K2i2`b +?Qb2M- +mbBM; 
p2`iB+H b?B7i M/  /BbiQ`iBQM i i?2 bKHH2bi r pHm2b `2bT2+iBp2Hvc σ- ?Qr2p2`- Bb
BM/2T2M/2Mi Q7 i?2 bK2`BM;X h?2 9- *9- M/ .R /i +QMp2`;2/ iQ bBKBH` pHm2b
/m`BM; i?2 imMBM; T`Q+2bb 7Q` i?2 bK2`BM; T`K2i2`bc i?2 "j /i K2Mr?BH2 2M/2/
BM  /Bz2`2Mi `2;BQMX h?2 QmiTmi Q7 i?2 imMBM; T`Q;`K- M/  +QKT`BbQM rBi? MQi?2`
`mM mbBM; i?2 bK2`BM; T`K2i2`b Q7 i?2 *9 /i UBM r?B+? i?2 `2bmHib `2 MQ HQM;2`
p2`iB+HHv /BbTH+2/- M/ i?2 2``Q`b `2 Q7  +QKT`#H2 bBx2V- bm;;2bi i?i i?2`2 Bb 
rB/2 ~2tB#BHBiv BM +?QQbBM; i?2 imMBM; T`K2i2`b rBi? HBiiH2 +?M;2 BM i?2 2{+B2M+vc
i?Bb ;Bp2b  bQHB/ `2bQM 7Q` i?2 /Bz2`2Mi bK2`BM; `2bmHibX
"v }iiBM; 2[miBQM U9X39V- i?2 TQi2MiBHb Kv #2 mb2/ iQ 2ti`+i M BM/2T2M/2Mi
2biBKi2 7Q` i?2 bi`BM; i2MbBQM 7`QK i?i Q#iBM2/ pB SQHvFQp HQQTbc i?2b2 `2 7QmM/ iQ
;`22X h?Bb 2biBKi2 Bb MQi z2+i2/ #v bK2`BM; `i27+ib- bBM+2 i?2 bK2`BM; QMHv b?B7ib
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V = 16  83, m = 1.510
V = 24  123, m = 1.510
V = 32  163, m = 1.510
V = 48  243, m = 1.510















Fit, � = 0.2354
U#V
6B;m`2 9Xd, h?2 biiB+ 72`KBQM TQi2MiBH- UV 7Q` i?2 7Qm` }MBi2@bBx2 `mMb i m = −1.51
U9- "j- *9- .RV- M/ i?2 .k `mM i m = −1.523- M/ U#V 7Q` i?2 .k `mM QMHv- rBi? i?2
}ii2/ +m`p2 BM+Hm/2/X
i?2 `2bmHib p2`iB+HHvX LQi2 BM };m`2 9Xd i?i i ?B;? r UBM T`iB+mH` r > L/2V- i?2 /i
+2b2 iQ HB2 QM i?2 HBM2 bm;;2bi2/ #v i?2 T`2pBQmb TQBMibX q?2M }iiBM; i?2 2z2+iBp2
Kbb i i?2b2 TQBMib i?2 THi2mt `2 T`iB+mH`Hv b?Q`i UQ7i2M rBi? irQ TQBMib M/
`2HiBp2Hv H`;2 2``Q` #`bV- M/ bQ i?2 `2bmHi 7QmM/ Kv MQi #2 i?2 i`m2 pHm2X h?2b2
TQBMib `2 BM+Hm/2/ 7Q` BM7Q`KiBQM- #mi 7Q` }iiBM; Tm`TQb2b i?2 /i r2`2 i`mM+i2/ iQ
r < L/2X
/QTiBM; i?2 `2bmHib 7Q` i?2 bi`BM; i2MbBQM 7`QK SQHvFQp +Q``2HiQ`b- M/ }iiBM; i?2
T`K2i2`b a M/ b #b2/ QM i?Bb pHm2 Q7 σ- HHQrb 7Q` M //BiBQMH +QMbBbi2M+v +?2+F-
M/ 7Q` bi#BHBbiBQM Q7 i?2 }ibX h?2 T`K2i2`b Q#iBM2/ #v }iiBM; BM i?Bb rv `2
b?QrM BM i#H2 9Xd- M/ M 2tKTH2 Bb THQii2/ BM };m`2 9Xd#X q?BH2 i?2 7mM+iBQMH 7Q`K
e3
9Xk _2bmHib
Bb p2`v +HQb2- i?2 }i i2M/b iQ HB2 #2HQr i?2 /i- `2~2+iBM;  bHB;?i /Bz2`2M+2 #2ir22M
i?2 qBHbQM M/ SQHvFQp HQQT /iX h?2 bvbi2KiB+ 2``Q`b QM i?2 qBHbQM HQQT }ib `2
v2i iQ #2 7mHHv [mMiB}2/- bQ r?2i?2` i?Bb /Bb+`2TM+v Bb rBi?BM 2``Q`b Bb mM+H2`X








































(645000, 0.00124, 0.899, 291)
(714000, 0.00273, 0.912, 14700)
U#V
6B;m`2 9X3, UV h?2 [mMiBiv ν/V 7Q` i?2 "R- "k- "j- *8- *e- M/ .k HiiB+2bc U#V h?2
`2bmHib 7Q` i?2 KQ/2 MmK#2` 7`QK i?2 .k HiiB+2- +QKT`2/ rBi? irQ TQbbB#H2 }i `2bmHibX
h?2 `r /i 7Q` i?2 KQ/2 MmK#2` `2 b?QrM BM };m`2 9X3X h?2 `2bmHib `2
+QMbBbi2Mi i ?B;? Ω- #mi /Bp2`;2 i HQr Ω- KQpBM; 7m`i?2` 7`QK  bi`B;?i HBM2 b i?2
HiiB+2 pQHmK2 Bb `2/m+2/X q?BHbi i?2 KQ/2 MmK#2` Bb  `2HiBp2Hv [mB+F Q#b2`p#H2 iQ
+H+mHi2- }iiBM; Bi iQ Q#iBM  pHm2 7Q` i?2 MQKHQmb /BK2MbBQM γ∗ Bb H2bb bBKTH2X
_2+HH 7`QK b2+iBQM jXkX9 i?i i?2 KQ/2 MmK#2` UBM HiiB+2 mMBibV iF2b i?2 7Q`K
a−4ν(Ω) ≈ a−4ν0(m) +A
[
(aΩ)2 − (am)2] 21+γ∗ U9X38V
QMHv BM M BMi2`K2/B`v `2;BQM Q7 ΩX hQ ++QmMi 7Q` i?Bb- r2 Kmbi +QMbB/2` HH TQbbB#H2
HQ+iBQMb Q7 i?2 mTT2` M/ HQr2` 2M/ Q7 i?Bb rBM/Qr r?2M }iiBM; i?2 /iX //BiBQM@
HHv- i?2 7mM+iBQM Bb `2HiBp2Hv BMb2MbBiBp2 iQ H`;2 +Q``2Hi2/ +?M;2b BM i?2 7Qm` }ii2/
T`K2i2`b ν0- A- m- M/ γ∗ěHi?Qm;? m Bb T`QTQ`iBQMH iQ mS**- Bi Kmbi #2 }ii2/
bBM+2 r2 /Q MQi  T`BQ`B FMQr i?2 +QMbiMi Q7 T`QTQ`iBQMHBivX h?Bb H2/b i?2 }i iQ
?p2  ?B;? b2MbBiBpBiv QM BMBiBH +QM/BiBQMb +`2iBM;  bvbi2KiB+ mM+2`iBMiv QM i?2
}i T`K2i2`bc i?2 }iiBM; H;Q`Bi?K rBHH `2im`M  pbiHv mM/2`2biBKi2/ pHm2 7Q` i?2
2``Q` QM Bib QmiTmiX
hQ Qp2`+QK2 i?2b2 T`Q#H2Kb- i?2 }`bi ii2KTi2/ }iiBM; T`Q+2/m`2 iF2b i?2 7QH@
HQrBM; TT`Q+?X 1+? rBM/Qr Q7 H2M;i? e Q` KQ`2 TQBMib U7Qm` T`K2i2`b +MMQi
eN
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
`2bQM#Hv #2 }ii2/ rBi? 72r2` i?M 7Qm` TQBMibc 7Qm` M/ }p2 TQBMib r2`2 7QmM/ iQ
#2 bm{+B2MiHv mMbi#H2 i?i i?2v r2`2 MQi +QMbB/2`2/V Bb +QMbB/2`2/ BM im`MX 6Q` 2+?
rBM/Qr- M BMBiBH G2p2M#2`;@J`[m`/i }i (R8N- Rey) Bb T2`7Q`K2/ +`Qbb i?2 #bB+
/i b2i- rBi? ν0 = 0 b2i iQ HHQr +QMp2`;2M+2 KQ`2 2bBHvX UaBM+2 +QMp2`;2M+2 Bb biBHH
/B{+mHi 2p2M rBi? i?Bb `2bi`B+iBQM- KmHiBTH2 ii2KTib `2 K/2c i?2 rBM/Qr Bb /Bb+`/2/
7i2` }7iv mMbm++2bb7mH ii2KTibXV
h?2 `2bmHib Q7 i?Bb }i `2 mb2/ b i?2 #bBb 7Q` i?2 BMBiBH +QM/BiBQMb 7Q` i?2 KBM
}iX h?2M  b2i Q7 Ryyy #QQibi`T bKTH2b Bb +`2i2/ě2+? bKTH2 +QMbB/2`b  `M/QK
bm#b2i UrBi? `2T2iBiBQM T2`KBii2/V Q7 +QM};m`iBQMb- rBi? i?2 bK2 bm#b2i +QMbB/2`2/
7Q` 2+? TQBMiX 1+? bKTH2 Bb }ii2/- ;BM rBi? i?2 G2p2M#2`;@J`[m`/i H;Q`Bi?K-
rBi? BMBiBH +QM/BiBQMb ;Bp2M #v M mT iQ RyW mMB7Q`K `M/QK Qzb2i 7`QK i?Qb2 ;Bp2M
#v i?2 BMBiBH }i- M/ ν0 ∈ [0, 1000) MQi?2` `M/QK +?QB+2X A7 i?2 }i 7BHb iQ +QMp2`;2-
i?2M M BM2{+B2M+v +QmMi2` Bb BM+`2K2Mi2/ bQ i?i i?2 [mHBiv Q7 i?2 }i +M #2 Dm/;2/X
A7 i?2 }i +QMp2`;2b iQ M mM`2bQM#H2 pHm2 Q7 m Ur?B+? Kmbi HB2 #2HQr i?2 HQr2` 2M/
Q7 i?2 rBM/QrV- i?2 rBM/Qr Bb /Bb+`/2/ě2p2M B7 QMHv QM2 Q7 i?2 i?QmbM/ bKTH2b
#2?p2b BM i?Bb rv- Bi Bb biBHH BM/B+iBp2 Q7 i?2 }i /`BpBM; iQ i?2 r`QM; `2;BK2X PM+2 HH
Ryyy bKTH2b ?p2 #22M +QMbB/2`2/- i?2M i?2 T`K2i2`b 7Q` i?i rBM/Qr `2 `2TQ`i2/
b i?2 K2Mb M/ biM/`/ 2``Q`b Q7 i?2 bKTH2 }ibX h?2 BM2{+B2M+v Bb HbQ QmiTmi b
 T2`+2Mi;2- b Bb i?2 χ2 /2pBiBQM T2` TQBMiX
q2 MQr ?p2 M QmiTmi }H2 rBi? 2biBKi2b Q7 i?2 }i T`K2i2`b 7Q` 2+? rBM/QrX
h?2 MmK#2` Q7 TQbbB#H2 rBM/Qrb Bb [mBi2 H`;2- r?B+? H2p2b mb BM i?2 mMmbmH bBimiBQM
Q7 M22/BM; iQ }i Qm` }i `2bmHibX q?BH2  +QHQm` KT +QmH/ #2 mb2/ iQ ;Bp2 M Qp2`HH
BKT`2bbBQM Q7 i?2 [mHBiv Q7 i?2 /i M M BMBiBH BKT`2bbBQM Q7 r?2`2 i?2 #2bi `2;BQMb
HB2 M/ r?i i?2 }ii2/ T`K2i2`b rBHH #2- i?2v `2 TQQ` T`2b2MiiBQMH iQQHb /m2 iQ i?2
/B{+mHiv i?i +M #2 ?/ BM BMi2`T`2iBM; i?2K- M/ i?2v `2 MQi bm{+B2MiHv [mMiBiiBp2
7Q` i?2 /i r2 `2 rQ`FBM; rBi? ?2`2X
hQ Q#iBM [mMiBiiBp2 2biBKi2b Q7 i?2 T`K2i2`b- r2 Kmbi }t i?2 mTT2` M/ HQr2`
2M/b Q7 i?2 rBM/Qr BM im`M- M/ HQQF 7Q` THi2mt BM i?2B` pHm2bX SHQib `2 +`2i2/ 7Q`
2+? }ii2/ Q#b2`p#H2 UA- m2- γ∗- M/ ν0Vc  b2i Q7 bm+? THQib Bb b?QrM BM };m`2 9XNX AM
2+? THQi-  p`B2iv Q7 TQbbB#H2 HQr2` 2M/b Q7 i?2 rBM/Qr `2 +QMbB/2`2/- `2T`2b2Mi2/ #v
/Bz2`2Mi +QHQm`bX Uh?2 HQr2bi@HvBM; /i ?p2 #22M QKBii2/ ?2`2 bBM+2 i?2v // QMHv
MQBb2XV h?2M i?2 mTT2` 2M/ Q7 i?2 rBM/Qr Bb mb2/ iQ TQbBiBQM i?2 TQBMib QM i?2 x@tBb-
rBi? i?2 Q#b2`p#H2 QM i?2 y@tBbX
dy
9Xk _2bmHib
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Upper end of window
6B;m`2 9XN, SHi2mt 7Q` i?2 }ii2/ Q#b2`p#H2b 7Q` i?2 .k /i i p`BQmb H2M;i?b M/
TQbBiBQMb Q7 i?2 }iiBM; rBM/QrX h?2 +QHQm` `2T`2b2Mib i?2 TQbBiBQM Q7 i?2 HQr2` 2M/ Q7 i?2
rBM/Qr- M/ i?2 x@tBb i?2 mTT2` 2M/X
dR
9X al(2) qAh> R .A_* Uk JCP_LV 6GoPl_a
AM i?2 `2;BQM Q7 i?2 T?vbB+H pHm2b- r2 2tT2+i iQ b22 THi2mt BM KMv M2`#v
mTT2` M/ HQr2` 2M/b Q7 i?2 rBM/Qr UbBM+2  bHB;?i /DmbiK2Mi Q7 i?2 rBM/Qr TQbBiBQM
Q` H2M;i? b?QmH/ MQi z2+i i?2 }iV- M/ BM i?2 bK2 `2;BQM BM HH Q#b2`p#H2bX PM i?2
THQi- i?Bb +Q``2bTQM/b iQ THi2mt BM M2`#v +QHQm`b- i bBKBH` p2`iB+H TQbBiBQMb rBi?BM
i?2 BM/BpB/mH THQib- M/ i i?2 bK2 ?Q`BxQMiH `M;2b QM HH THQibX
q?2M i?Bb Bb /QM2- THi2mt `2 b22M 7Q` mTT2` 2M/b #2ir22M 0.3 ! Ω ! 0.5- rBi?
i?2 HQr2` 2M/ BM i?2 `M;2 0.2 ! Ω ! 0.25 Ui?2 #Hm2 `2;BQM Q7 i?2 bT2+i`mKVX h?Bb ;Bp2b
M MQKHQmb /BK2MbBQM BM i?2 `M;2 0.9 ! γ∗ ! 0.95X >Qr2p2`- Bi Bb TQbbB#H2 i?i
i?2 G2p2M#2`;@J`[m/i H;Q`Bi?K ?b #22M #Bb2/ BM bQK2 rv /m2 iQ i?2 /B{+mHiv
Q7 i?2 /iX hQ p2`B7v r?2i?2` i?Bb Bb i?2 +b2- Bi b22Kb T`m/2Mi iQ ii2KTi  b2+QM/-
BM/2T2M/2Mi }iiBM; K2i?Q/ iQ +`Qbb@+?2+F i?2 +QMbBbi2M+v Q7 i?2 `2bmHib 7QmM/X
 bmBi#H2 Hi2`MiBp2- r?B+? Bb r2HH@bmBi2/ iQ bBimiBQMb r?2`2 i?2 bvbi2K Kv
+QMp2`;2 iQ  HQ+H KBMBKmK- Bb FMQrM b bBKmHi2/ MM2HBM; (ReR- Rek)X h?Bb K2i?Q/
Bb 7mM+iBQMHHv i?2 bK2 b  JQMi2 *`HQ bBKmHiBQM- r?2`2 i?2 +iBQM Bb `2TH+2/ #v
χ2 7Q` i?2 T`K2i2`bX h?2 mb2 Q7 i?2 J2i`QTQHBb H;Q`Bi?K HHQrb i?2 }i iQ KQp2 rv
7`QK HQ+H KBMBK BM χ2 iQ }M/ i?2 ;HQ#H KBMBKmKX h?2 ǳMM2HBM;Ǵ Q++m`b r?2M
i?2 i2KT2`im`2 Q7 i?2 bvbi2K Bb ;`/mHHv `2/m+2/- bHQrHv `2/m+BM; i?2 J2i`QTQHBbǶb
#BHBiv iQ KQp2 rv 7`QK T2FbX h?Bb 7Q`+2b i?2 }i iQ +QMp2`;2 QM i?2 ;HQ#H KBMBKmK-
`i?2` i?M +QMiBMmBM; iQ bKTH2 i?2 r?QH2 /Bbi`B#miBQMX b BM i?2 T`2pBQmb TT`Q+?-
i?Bb Bb /QM2 7Q` 2+? TQbbB#H2 rBM/Qr BM im`MX h?Bb rb /QM2 #v  +QHH#Q`iQ`- M/
i?2 `2bmHib r2`2 7QmM/ iQ #2 +QMbBbi2Mi rBi? i?2 `2bmHib 7`QK G2p2M#2`;@J`[m/iX
9Xj *QM+HmbBQMb
q2 ?p2 +``B2/ Qmi i?2 }`bi HQQF i al(2)/DL7R QM i?2 HiiB+2X 7i2` M BMBiBH
2tTHQ`iQ`v bim/v Q7 i?2 T?b2 bi`m+im`2 BM i?2 β@m THM2- [mMiBiiBp2 bim/B2b r2`2
K/2 i  p`B2iv Q7 HiiB+2 bBx2b UrBi?  bBM;H2 HiiB+2 bT+BM;V- HQQFBM; i i?2 K2bQM M/
;Hm2#HH bT2+i`mK- i?2 biiB+ TQi2MiBH M/ bi`BM; i2MbBQM 7`QK qBHbQM M/ SQHvFQp
HQQT +Q``2HiQ`b- M/ i?2 MQKHQmb /BK2MbBQM Q7 i?2 +?B`H +QM/2Mbi2X Uh?2 iQTQHQ;v
Bb HbQ +QMbB/2`2/ BM i?2 M2ti +?Ti2`XV AM i?2 bT2+i`mK r2 Q#b2`p2 i?i `iBQb Q7
bT2+i`H [mMiBiB2b `2 +QMbiMi Qp2`  rB/2 `M;2 Q7 72`KBQM Kbb- r?B+? Bb +QMbBbi2Mi
rBi? #2?pBQm` i?i Bb MQi ǳi`/BiBQMHHvǴ +QM}MBM; UBX2X 2Bi?2` +QM7Q`KH- Q` +QM}MBM;
#mi M2` i?2 HQr2` 2/;2 Q7 i?2 +QM7QKH rBM/QrVěBM T`iB+mH`- i?2 MQM@pMBb?BM; Q7
dk
9Xj *QM+HmbBQMb
i?2 TBQM Kbb b mS** → 0X h?2 `Bb2 BM MQM@K2bQMB+ bii2 Kbb2b i ?B;?2` 72`KBQM
Kbb Kv #2  biiBbiB+H MQKHv- Q`  H`;2@Kbb 2z2+iX
h?2 i?2Q`v HbQ b?Qrb bB;Mb Q7 /KBiiBM;  HB;?i b+H` bii2- bmTTQ`iBM; i?2 }M/BM;
Q7 MQM@Z*.@HBF2 #2?pBQm`X q?BH2  +QM}MBM; b+2M`BQ rBi? /DQBMi Kii2` +QmH/
++QmMi 7Q` i?2 Q#b2`piBQM i?i i?2 K2bQMb HB2 #Qp2 i?2 HB;?i2bi ;Hm2#HH bii2- r2
rQmH/ biBHH 2tT2+i i?2 Tb2m/Qb+H` iQ #2 i?2 HB;?i2bi K2bQMB+ bii2- BM +QMi`bi iQ i?2
Q#b2`piBQM ?2`2 i?i i?2 b+H` K2bQM HB2b #2HQr i?2 Tb2m/Qb+H`X q?BH2 i?2 2``Q`b
`2 bm{+B2MiHv H`;2 i?i  bBM;H2 /i TQBMi +QmH/ #2 +QMD2+im`2/ iQ #2 KBbQ`/2`2/-
i?2 T`2b2M+2 Q7 KmHiBTH2 /i TQBMib irQ biM/`/ 2``Q`b #2HQr i?2 Tb2m/Qb+H` KF2b
bm+?  +QM+HmbBQM mMbmTTQ`i#H2X
h?2 MQKHQmb /BK2MbBQM Bb i2MiiBp2Hv 7QmM/ iQ #2 BM i?2 `2;BQM 0.9 ! γ∗ ! 0.95-
r?B+? Bb QM2 Q7 i?2 ?B;?2bi MQKHQmb /BK2MbBQMb 7QmM/ BM  HiiB+2 ;m;2 i?2Q`vX q2`2
Bi MQi 7Q` i?2 BMbm{+B2Mi MmK#2` Q7 :QH/biQM2 bii2b 7`QK χa" /Bb+mbb2/ BM b2+iBQM jX9-
i?Bb rQmH/ #2 M 2t+2HH2Mi +M/B/i2 i?2Q`v 7Q` h2+?MB+QHQ` T?2MQK2MQHQ;vc b Bi biM/b
Bi Bb biBHH p2`v BMi2`2biBM;- bBM+2 Bi BKTHB2b i?2 +QM7Q`KH rBM/Qr 7Q` al(2) rBi? /DQBMi
Kii2` Kv 2ti2M/ HQr2` i?M Bb 2tT2+i2/ 7`QK TT`QtBKi2 MHviB+ K2i?Q/bX
Ai rQmH/ #2 BMi2`2biBM; iQ 2ti2M/ i?2 bim/v iQ HQr2` Kbb2b UpB H`;2` HiiB+2 bBx2bV-
iQ T`Q#2 i?2 #2?pBQm` +HQb2` iQ i?2 +?B`H HBKBiX S`Q#BM; ?B;?2` Kbb iQ BMp2biB;i2
r?2i?2` i?2 `Bb2 BM MQM@K2bQMB+ bT2+i`H [mMiBiB2b Bb  biiBbiB+H `i27+i `2[mB`2b
bKHH2` HiiB+2 bT+BM;c i?Bb Bb HbQ M2+2bb`v iQ }M/ i?2 +QMiBMmmK HBKBi Q7 i?2b2 `2bmHib-
r?B+? Bb MQi?2` BKTQ`iMi M2ti bi2TX h?Bb rBHH HbQ HHQr mb iQ #2 RyyW +2`iBM i?i
r2 `2 MQi bBKmHiBM; HiiB+2 `i27+iběb r2 ?p2 bBKmHi2/ QMHv  bBM;H2 pHm2 Q7 β-
Hi?Qm;? r2 ?p2 #22M +`27mH iQ pQB/ i?2 #mHF T?b2- i?2 TQbbB#BHBiv `2KBMb i?i
HiiB+2 `i27+ib `2KBMX 6BMHHv- bBM+2 N7 = 1 UirQ JDQ`M ~pQm`bV ?b iQQ 72r
M/ N7 = 2 U7Qm` JDQ`M ~pQm`bV iQQ KMv :QH/biQM2 bii2b- M/ #Qi? HB2 rBi?BM
Q` M2` i?2 +QM7Q`KH rBM/Qr- Bi b22Kb  ;QQ/ B/2 iQ T2`7Q`K  bBKBH` bim/v Q7 i?2
i?2Q`v rBi? i?`22 JDQ`M ~pQm`b Ur?B+? HB2b #2ir22M i?2 irQVX
dj




h?2`2 2tBbi iQTQHQ;B+H Q#D2+ib BM +HbbB+H M/ [mMimK }2H/ i?2Q`B2b +HH2/ BMbiMiQMbX
h?2v `2 MQM@T2`im`#iBp2 ;m;2 }2H/ +QM};m`iBQMb- r?B+? +Q``2bTQM/ iQ imMM2HHBM;
2p2Mib #2ir22M p+mX h?2B` BMi2`+iBQMb rBi? [m`Fb ?p2 #22M 7QmM/ iQ `2bmHi BM
+?B`H bvKK2i`v #`2FBM;- M/ Bi ?b i?2`27Q`2 #22M bm;;2bi2/ i?i BMbiMiQMb THv
bQK2 `ƬH2 BM /2+QM}M2K2MiX
AM i?Bb +?Ti2` A rBHH T`2b2Mi i?2 `2bmHib Q7  bim/v Q7 i?2 iQTQHQ;v Q7 irQ i?2Q`B2b,
al(2)/DL7R M/ JBMBKH qHFBM; h2+?MB+QHQ` UJqhVX "Qi? i?2Q`B2b `2 QmiHBM2/
BM b2+iBQM jX9- M/ KQ`2 /2iBHb Q7 i?2 bim/v Q7 al(2)/DL7R `2 BM +?Ti2` 9X AM
b2+iBQM 8XR A rBHH /2b+`B#2 BMbiMiQMb M/ i?2B` T`QT2`iB2b- r?BH2 BM b2+iBQM 8Xk A rBHH
QmiHBM2 i?2 TT`imb 7Q` Q#b2`pBM; M/ +H+mHiBM; T`QT2`iB2b Q7 BMbiMiQMb QM i?2
HiiB+2X AM b2+iBQM 8Xj A rBHH T`2b2Mi i?2 `2bmHib Q7 bim/B2b Q7 BMbiMiQMb BM i?2 irQ al(2)
i?2Q`B2b K2MiBQM2/- M/ BM i?2 al(2) Tm`2 ;m;2 i?2Q`v 7Q` +QKT`BbQM- r?B+? `2 i?2M
/Bb+mbb2/ BM b2+iBQM 8X9X *QM+Hm/BM; `2K`Fb `2 ;Bp2M BM b2+iBQM 8X8X
8XR AMbiMiQMb
AM i?Bb b2+iBQM A rBHH 7QHHQr i?2 T`2b2MiiBQM Q7 a+? 72` M/ a?m`vFǶb `2pB2r (N)X q2













r?2`2 i?2 2H2+i`B+ }2H/ E = ∂0Ai 7Q`Kb i?2 FBM2iB+ i2`K- M/ i?2 K;M2iB+ }2H/ B ;Bp2b
i?2 TQi2MiBH i2`KX h?2 +HbbB+H p+m ?p2 x2`Q }2H/ bi`2M;i?- M/ +M #2 Q#iBM2/
d8
8X hPSPGP:u
#v  ;m;2 i`Mb7Q`KiBQM 7`QK i?2 i`BpBH p+mmK- ;BpBM;
Ai = iU(t)∂iU(t)† . U8XkV
1MmK2`iBM; i?2 p+m BMpQHp2b +HbbB7vBM; HH TQbbB#H2 ;m;2 i`Mb7Q`KiBQMb U(t)-
r?B+? BM im`M `2[mB`2b bim/vBM; 2[mBpH2M+2 +Hbb2b Q7 KTb 7`QK R3 BMiQ al(N)X q2
+M HBKBi i?Bb b2i Q7 KTb iQ i?Qb2 Q#2vBM; U(t)→ 1 b x→∞ (Rej)X h?2b2 KTTBM;b





d3xϵijki`[(U †∂iU)(U †∂jU)(U †∂kU)] . U8XjV



















AM i?2 +b2 Q7 al(2)- B7 r2 rBb? iQ }M/ M 2tKTH2 Q7  KTTBM; rBi?  ;Bp2M
rBM/BM; MmK#2` n- r2 +M KF2 mb2 Q7 i?2 ?2/;2?Q; Mbix- r?B+? bii2b
U(t) = 2tT (if(r)τaxˆa) , U8X8V










A7 r2 +QMbi`BM U(t) iQ #2 mMB[m2Hv@/2}M2/- i?2M f(r) Kmbi #2 M BMi2;2` KmHiBTH2
Q7 π i r = 0,∞- bQ r2 +M b22 i`BpBHHv 7`QK 2[miBQM U8XeV i?i nq Bb i?2M M BMi2;2`X
h?2M Mv bKQQi? f(r) rBi? f(r → ∞) = 0, f(0) = nπ T`QpB/2b M 2tKTH2 Q7 
7mM+iBQM rBi? rBM/BM; MmK#2` nq = nX
q2 ?p2 i?mb 7QmM/ M BM}MBi2 MmK#2` Q7 +HbbB+H p+m H#2HH2/ #v M BMi2;2` n-
r?B+? `2 iQTQHQ;B+HHv /BbiBM+i, r2 +MMQi ;Q 7`QK QM2 iQ MQi?2` #v  +QMiBMmQmb
;m;2 i`Mb7Q`KiBQM- M/ i?2`2 Bb MQ Ti? 7`QK QM2 iQ MQi?2` bm+? i?i i?2 2M2`;v
`2KBMb x2`Q HH i?2 rv HQM;X ZmMimK K2+?MB+HHv- i?Qm;?- r2 `2 r`2 i?i r2
Kv imMM2H #2ir22M p+mX hQ b22 i?Bb ?2`2- r2 HQQF 7Q` Ti?b rBi? KBMBKmK 1m+HB/2M





















F aµν ∓ F˜ aµν
)2]
, U8X3V
r?2`2 F˜µν = 12ϵµνρσFρσ Bb i?2 /mH }2H/ bi`2M;i? i2MbQ`- BM r?B+? i?2 `ƬH2b Q7 2H2+i`B+
M/ K;M2iB+ }2H/ ?p2 #22M `2p2`b2/X Ai Bb 2pB/2Mi i?i S Bb 2ti`2KBb2/ r?2M i?2 }2H/
Bb 2Bi?2` b2H7@/mH Q` MiB@b2H7@/mH,
F aµν = ±F˜ aµν . U8XNV







































d3xK0 = n*a(t =∞)− n*a(t = −∞) . U8XRjV
h?mb B7 Q ̸= 0 i?2M i?2 }2H/ +QM};m`iBQM +QMM2+ib iQTQHQ;B+HHv /BbiBM+i p+m i
/Bz2`2Mi iBK2bX am+?  bQHmiBQM Bb `272``2/ iQ b M BMbiMiQMX
h?2 }`bi bm+? bQHmiBQM `2TQ`i2/ rb 7QmM/ #v "2HpBM- SQHvFQp- a+?r`ix- M/
hvmTFBM (Re9)- M/ Bb ?2M+2 +HH2/ i?2 "Sah BMbiMiQMX "Sah `272``2/ iQ Bi b 








r?2`2 ηaµν Bb i?2 Ƕi >QQ7i bvK#QH
ηaµν =
⎧⎪⎨⎪⎩
ϵaµν µν = 1, 2, 3
δaµ ν = 4
−δaν µ = 4 ,
U8XR8V
M/ ρ Bb M `#Bi``v T`K2i2` +?`+i2`BbBM; i?2 BMbiMiQM bBx2X h?Bb BMbiMiQM +``B2b
iQTQHQ;B+H +?`;2 Q = 1X  p`BMi rBi? Q = −1 Bb 7QmM/ #v `2TH+BM; η rBi? η- r?B+?
brTb δ ↔ −δX
h?2 7Q`K Q7 i?2 BMbiMiQM BM 2[miBQM U8XR9V T`Qp2b BM+QMp2MB2Mi iQ rQ`F rBi?c r2









h?Bb Bb bBM;mH` i i?2 Q`B;BM- #mi i?2 bBM;mH`Biv Bb MQi T?vbB+HX Ai /Q2b ?Qr2p2`
HQ+HBb2 i?2 iQTQHQ;v iQ i?2 Q`B;BM- r?B+? HHQrb 2bB2` bim/v Q7 BMbiMiQMĜMiB@BMbiMiQM
+QM};m`iBQMbX
AMbiMiQMb HbQ THv  `ƬH2 BM +?B`H bvKK2i`v #`2FBM;c i?2v bQHp2 i?2 l(1) T`Q#H2K-
#v #`2FBM; i?2 +?B`H l(1) bvKK2i`v- r?B+? rQmH/ Qi?2`rBb2 #`2F bTQMiM2QmbHv iQ
;Bp2 //BiBQMH TBQMb MQi Q#b2`p2/ BM Mim`2 (Re8)X Ai Bb TQbbB#H2 iQ KQ/2H i?2 p+mmK
Q7 Z*. UQ` MQi?2` ;m;2 i?2Q`vV b  /2Mb2 HB[mB/ Q7 BMbiMiQMb- BM r?i Bb TiHv
`272``2/ iQ b i?2 ǳBMbiMiQM HB[mB/ KQ/2HǴX h?Bb 7`K2rQ`F HHQrb +QKTmiiBQM Q7
bQK2 MQM@T2`im`#iBp2 Q#b2`p#H2b UrBi?BM i?2 HBKBib TH+2/ #v i?2 Qp2`bBKTHB}+iBQMb
Q7 i?2 KQ/2H- r?B+? M2;H2+i HH Qi?2` /2;`22b Q7 7`22/QKV #2vQM/ T2`im`#iBQM i?2Q`v
rBi?Qmi i?2 M22/ 7Q` HiiB+2 +QKTmiiBQMbc i?2 HiiB+2 Bb biBHH ?Qr2p2` M2+2bb`v #Qi? iQ
+QM}`K i?2 `2bmHib Q7 i H2bi bQK2 Q7 i?2b2 +QKTmiiBQMb UiQ p2`B7v i?2 K2i?Q/V M/
iQ ;Q #2vQM/ i?2 HBKBiiBQMb Q7 i?2 KQ/2HX _2+2Mi 2tKTH2b Q7 BMbiMiQM HB[mB/ KQ/2H
+H+mHiBQMb BM+Hm/2 bim/B2b Q7 i?2 Z*. K;M2iB+ bmb+2TiB#BHBiv (Ree) M/ Q7 i?2 Z*.
2H2+i`B+H +QM/m+iBpBiv (Red)X
8Xk J2i?Q/QHQ;v
h?2 HiiB+2 Bb b2i mT b /2b+`B#2/ BM b2+iBQM jXRX h?2 Q#b2`p#H2b bim/B2/ `2 /2b+`B#2/
BM /2iBH BM (Re3)c ?2`2- A rBHH bmKK`Bb2 i?2 KBM TQBMibX AM i?2 +QMiBMmmK- 7`QK
d3
8Xk J2i?Q/QHQ;v




ϵµνρσi` {Fµν(x)Fρσ(x)} . U8XRdV
h?2 iQiH iQTQHQ;B+H +?`;2 Q7  +QM};m`iBQM +M i?2M #2 2tT`2bb2/ b i?2 bT+2@iBK2
BMi2;`H Q7 i?Bb [mMiBivX




ϵµνρσi` {Uµν(x)Uρσ(x)} . U8XR3V
6Q`  bKQQi? ;m;2 }2H/- i?Bb rQmH/ TT2` iQ ?p2 ~m+imiBQMb Q7 Q`/2` a2 b i?2
HiiB+2 bT+BM; a Bb b2Mi iQ x2`Qc ?Qr2p2`- `2HBbiB+ }2H/b ?p2 mHi`pBQH2i ~m+imiBQMb
r?B+? rBHH +QKTH2i2Hv /QKBMi2 Qp2` i?2 T?vbB+b Q7 BMi2`2bi BM i?2 +QMiBMmmK HBKBiX hQ
KBiB;i2 i?Bb-  +QQHBM; T`Q+2bb Bb BMi`Q/m+2/ (ReN)X h?2 +QQHBM; T`Q+2bb QT2`i2b #v
KBMBKBbBM; i?2 HQ+H +iBQM 7Q` 2+? HiiB+2 bBi2 BM im`MX
am++2bbBp2 +QQHBM; br22Tb rBHH ǳbKQQi? QmiǴ i?2 ~m+imiBQMb bm+? i?i i?2 b2KB@
+HbbB+H T?vbB+b Kv #2 Q#b2`p2/X  bB/2 2z2+i ?Qr2p2` Bb i?i BMbiMiQMb Kv #2
b?`mMF Q` Kv MMB?BHi2 BM BMbiMiQMĜMiB@BMbiMiQM TB`b- i?mb 2t+2bbBp2 +QQHBM; Bb
iQ #2 pQB/2/X h?2 MmK#2` Q7 +QQHBM; br22Tb mb2/ BM  +H+mHiBQM Bb +?Qb2M b 
+QKT`QKBb2 #2ir22M i?2 M22/ iQ bKQQi? Qmi i?2 +QM};m`iBQMb M/ i?2 `2[mB`2K2Mi iQ
MQi MMB?BHi2 T?vbB+H BMbiMiQMbX h?2`2 Bb ?Qr2p2`  rB/2 THi2m r?2`2 i?2 T?vbB+b
+M #2 Q#b2`p2/ rBi?Qmi +QQHBM; `i27+ib #2+QKBM; T`Q#H2KiB+- bQ i?2 MmK#2` Q7 +QQHb
M22/ MQi #2 }M2Hv imM2/X
PM+2 i?2 iQTQHQ;B+H +?`;2 /2MbBiv Bb FMQrM- p`BQmb Q#b2`p#H2b Kv #2 +H+mHi2/X





rBi? i `mMMBM; Qp2` HH HiiB+2 TQBMibX aBM+2 i?2 +QMiBMmmK iQTQHQ;B+H +?`;2 Bb M
BMi2;2`- i?2 HiiB+2 Qh Bb Q7i2M `QmM/2/ iQ i?2 M2`2bi BMi2;2`X GiiB+2 bim/B2b U2X;X
(Rdy)V b?Qr i?i r?2M rQ`FBM; +HQb2 iQ i?2 +QMiBMmmK HBKBi- i?2 T`iB+mH` +?QB+2 Q7
/2}MBiBQM 7Q` Qh /Q2b MQi z2+i i?2 `2bmHib Q#iBM2/ěb r2 rQmH/ 2tT2+i- bBM+2 Mv
/Bz2`2M+2b b?QmH/ #2 HiiB+2 `i27+ib- r?B+? rBHH /BbTT2` BM TQr2`b Q7 i?2 HiiB+2
bT+BM;X `K2/ rBi? i?2 iQiH iQTQHQ;B+H +?`;2- r2 Kv i?2M T`Q+22/ iQ }M/ i?2
dN
8X hPSPGP:u







r?2`2 V Bb i?2 HiiB+2 pQHmK2X h?Bb 7Q`K- ?Qr2p2`- BMi`Q/m+2b bvbi2KiB+ 2``Q`b r?B+?







bBM+2 ⟨Qh⟩ Bb 2tT2+i2/ iQ #2 x2`Q- bQ Mv /Bz2`2M+2 7`QK x2`Q rQmH/ #2 /m2 iQ M
//BiBp2 +QMbiMiX
h?2 bBx2 Q7  ;Bp2M BMbiMiQM Kv #2 +H+mHi2/ 7`QK i?2 HQ+H KtBK M/ KBMBK





r?B+? +M #2 /2`Bp2/ #v bm#biBimiBM; i?2 ;m;2 TQi2MiBH 7Q` i?2 "Sah BMbiMiQM U2[m@
iBQM U8XReVV BMiQ i?2 /2}MBiBQM Q7 i?2 iQTQHQ;B+H +?`;2 /2MbBiv U2[miBQM U8XRdVVX h?Bb
Bb i?2 K2i?Q/ i?i rb mb2/ iQ Q#iBM i?2 `2bmHib T`2b2Mi2/ #2HQrX Ai Bb TQbbB#H2 iQ
BMi`Q/m+2 HiiB+2 +Q``2+iBQMb iQ i?Bb 7Q`K- M/ iQ ++QmMi 7Q` i?2 2z2+i i?i i?2 Qp2`HT
#2ir22M BMbiMiQMb rBHH ?p2 QM i?2 T2F iQTQHQ;B+H +?`;2 /2MbBivc i?2b2 K2i?Q/b
?p2 MQi #22M mb2/ 7Q` i?Bb rQ`FX
8XkXR al(N) `2bmHib
hQ HHQr M BM7Q`K2/ +QKT`BbQM #2ir22M i?2 `2bmHib 7QmM/ /m`BM; i?Bb `2b2`+? M/
T`BQ` rQ`F- bQK2 2tKTH2b 7`QK i?2 HBi2`im`2 `2 [mQi2/ ?2`2X 6B;m`2 8XR b?Qrb
i?2 iQTQHQ;B+H bmb+2TiB#BHBiv 7Q` al(N) Tm`2 ;m;2 i?2Q`B2b- N = 2, 3, 4, 5 UTHQii2/
b χ 14 /√σ ;BMbi a2σV- rBi? bi`B;?i HBM2 #2?pBQm` Q#b2`p2/ 7Q` 2+? +b2 b a → 0X
6B;m`2 8Xk b?Qrb i?2 BMbiMiQM bBx2 /Bbi`B#miBQMb 7Q` al(2) M/ al(3)- b?QrBM;  bBM;H2@
T2F2/ /Bbi`B#miBQM BM HH +b2b- 7HHBM; iQ x2`Q i ρ→ 0 M/ ρ→∞X q2 rBHH HQQF 7Q`
bBKBH` Tii2`Mb BM Qm` /i- M/ i`v iQ 2tTHBM Mv Q#b2`p2/ /Bz2`2M+2bX
3y
8Xk J2i?Q/QHQ;v




















6B;m`2 8XR, o`BiBQM Q7 i?2 [mMiBiv χ 14 /√σ rBi? σ 7Q` al(n) i?2Q`B2b- 7`QK (3)X

















Nf = 1, V = 16  8
3
Nf = 1, V = 24  12
3
Nf = 1, V = 32  16
3
Nf = 1, V = 48  24
3
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
6B;m`2 8Xj, o`BiBQM Q7 i?2 [mMiBiv χ 14 /√σ rBi? σX
8Xj LmK2`B+H _2bmHib
*QKTmiiBQMb r2`2 +``B2/ Qmi QM M t3e@e9 +Hmbi2` M/  J+ S`Q- #Qi? BM arMb2
lMBp2`bBivX hrQ@~pQm` +QM};m`iBQMb T`2T`2/ 7Q` QM;QBM; rQ`F U/Bb+mbb2/ BM (Ry)-
r?2`2 K2bm`2K2Mib Q7 bT2+i`H [mMiBiB2b- M/ MHvbBb Q7 }MBi2 pQHmK2 `i27+ib- Kv
#2 7QmM/V r2`2 mb2/- i β = 2.25- rBi? V = 16× 83- m = −0.90- −0.75- −0.50- −0.25-
0.00- 0.25- 0.50 M/ V = 24 × 123- m = −1.00- −0.95X h?2 QM2@~pQm` +QM};m`iBQMb
/Bb+mbb2/ BM *?Ti2` 9 r2`2 HbQ mb2/c /2iBHb Q7 i?2 +QK#BMiBQMb Q7 T`K2i2`b M/
HiiB+2b mb2/ `2 ;Bp2M BM i?i +?Ti2`X
hQ HHQr +QKT`BbQM rBi? i?2 Tm`2 uM;@JBHHb +b2- Tm`2 ;m;2 +QM};m`iBQMb r2`2
;2M2`i2/ i β = 2.4, V = 124 M/ β = 2.55, V = 204X 1+? mT/i2 +QMbBbi2/ Q7 R
?2i #i? M/ 9 Qp2`@`2Ht2/ bi2Tb- M/ K2bm`2K2Mib r2`2 iF2M 2p2`v Ryi? M/ 8yi?
+QM};m`iBQM QM i?2 bKHH2` M/ H`;2` HiiB+2 `2bT2+iBp2HvX 6Q` 2+? β- i?2 HiiB+2 bBx2
rb +?Qb2M bm+? i?i }MBi2 bBx2 2z2+ib r2`2 M2;HB;B#H2X ky +QQHBM; br22Tb r2`2 mb2/ 7Q`
HH +QM};m`iBQMbX
h?2 }M/BM;b Ub?QrM BM };m`2 8XjV b?Qr +QMbBbi2M+v #2ir22M i?2 i?`22 +b2b- M/
#Qi? [mHBiiBp2Hv M/ [mMiBiiBp2Hv rBi? Gm+BMB M/ h2T2`Ƕb `2bmHib BM };m`2 8XR (3)X
h?2 iQTQHQ;B+H bmb+2TiB#BHBiv b?Qrb MQ bB;M Q7 }MBi2@bBx2 2z2+ibX >Qr2p2`- i?2 BM@
biMiQM bBx2 /Bbi`B#miBQM b?Qrb  /Bz2`2Mi TB+im`2X AM i?2 +b2 Q7 i?2 Tm`2 ;m;2 i?2Q`v
















Pure gauge,  = 2.40, V = 124
Nf = 1,  = 2.05, V = 48  24
3, m = 1.523
Nf = 1,  = 2.05, V = 24  12
3, m = 1.51
Nf = 2,  = 2.25, V = 24  12
3, m = 0.95
Nf = 2,  = 2.25, V = 24  12
3, m = 1.00
6B;m`2 8X9, AMbiMiQM bBx2 /Bbi`B#miBQM 7Q` QM2@ M/ irQ@~pQm` +QM};m`iBQMb QM i?2
24 × 123- 7Q` QM2@~pQm` +QM};m`iBQMb QM i?2 48 × 243 HiiB+2b- M/ 7Q` i?2 Tm`2 ;m;2














Pure gauge,  = 2.55, V = 204
Nf = 1,  = 2.05, V = 16  8
3, m = 1.51
Nf = 2,  = 2.25, V = 16  8
3, m = 0.75
Nf = 2,  = 2.25, V = 16  8
3, m = 0.90
6B;m`2 8X8, AMbiMiQM bBx2 /Bbi`B#miBQM 7Q` bQK2 Q7 i?2 QM2@ M/ irQ@~pQm` `mMb QM i?2
16× 83 HiiB+2- 2t?B#BiBM; b2p2`2 }MBi2@bBx2 2z2+ib- M/ i?2 204 Tm`2 ;m;2 /i- 2t?B#BiBM;
















Nf = 1,  = 2.05, V = 48  24
3, m = 1.523
Nf = 1,  = 2.05, V = 16  8
3, m = 1.51
Nf = 2,  = 2.25, V = 16  8
3, m = 0.90
6B;m`2 8Xe, *QKT`BbQM #2ir22M i?2 BMbiMiQM bBx2 /Bbi`B#miBQMb Q7 QM2@ M/ irQ@~pQm`
+QM};m`iBQMb z2+i2/ M/ MQi z2+i2/ #v }MBi2@bBx2 2z2+ibX
8X9V- i?2 /Bbi`B#miBQMb `2 +QMbBbi2Mi #Qi? rBi? 2+? Qi?2` M/ rBi? i?2 /Bbi`B#miBQM
7QmM/ BM bBKBH` Tm`2@;m;2 bim/B2b (RdRĜRdj) U#2vQM/- i?i Bb- i?2 bi`i Q7 i?2 /Bbi`B@
#miBQM- r?B+? Bb +QMi`QHH2/ #v i?2 HiiB+2 bT+BM;VX >Qr2p2`- HQQFBM; i i?2 16 × 83
HiiB+2- i?2 irQ@~pQm` i?2Q`v b?Qrb  HQM; iBH BM i?2 BMbiMiQM bBx2 /Bbi`B#miBQM- r?B+?
;`Qrb BMiQ  b2+QM/ T2F BM i?2 `2;BQM r?2`2 }MBi2@bBx2 2z2+ib `2 2M+QmMi2`2/X h?2
BMBiBH T2F Bb HbQ /BbiQ`i2/X h?2 /BbiQ`iBQM BM i?2 iBH Bb #2bi b22M BM i?2 `2;BQM +mi Qz
BM i?2 T`2pBQmb THQi Ur?2`2 r2 2tT2+i }MBi2@bBx2 2z2+ib iQ #2 bi`QM;2biVc i?Bb `2;BQM Bb
BM+Hm/2/ BM };m`2b 8X8 M/ 8XeX AM };m`2 8X8- bQK2 2tKTH2b Q7 }MBi2@bBx2@2z2+i@|B+i2/
/Bbi`B#miBQMb `2 b?QrMc BM };m`2 8Xe- bQK2 2tKTH2b `2 +QKT`2/ iQ  MQM@|B+i2/
/Bbi`B#miBQMX
HH 2Hb2 #2BM; 2[mH- i?Bb rQmH/ +mb2 i?2 p2`;2 BMbiMiQM bBx2 iQ HB2 #Qp2 i?2 i`m2
pHm2c ?Qr2p2`- BM };m`2 8Xd r2 b22 i?i QM i?2 bKHH2` HiiB+2b ρ HB2b #2HQr i?2 pHm2 QM
H`;2` HiiB+2bX h?Bb Bb /m2 iQ i?2 iBH Q7 i?2 /Bbi`B#miBQM #2BM; i`mM+i2/X hrQ 2biBKi2b
7Q` i?2 p2`;2 BMbiMiQM bBx2 `2 K/2, QM2 +QMbB/2`BM; QMHv ρ < 23L UbBM+2 BMbiMiQMb
H`;2` i?M i?Bb Kv #2 /BbiQ`i2/ #v #2BM; +HQb2 iQ i?2 #Qt bBx2V- M/ QM2 +QMbB/2`BM;
HH ρ < L UbBM+2 ρ > L Bb Q#pBQmbHv bTm`BQmb- bBM+2 bm+? M BMbiMiQM +QmH/ MQi }i QM
i?2 HiiB+2VX aBM+2 i?2 7Q`K2` TT`QtBKiBQM i`mM+i2b  bB;MB}+Mi KQmMi Q7 i?2 iBH














Nf = 1, V = 16  8
3
Nf = 1, V = 24  12
3
Nf = 1, V = 32  16
3
Nf = 1, V = 48  24
3
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
6B;m`2 8Xd, o`BiBQM Q7 i?2 p2`;2 BMbiMiQM bBx2 rBi? σX
TH+BM; i?2 TQBMi rBi? bm{+B2MiHv H`;2 2``Q`b i?i #Qi? 2biBKi2b `2 BM+Hm/2/X AM i?2
bKHH2bi HiiB+2b- 2p2M i?2 Hii2` i`mM+iBQM biBHH `2KQp2b Km+? Q7 i?2 iBH- r?B+? r?2M
+QK#BM2/ rBi? i?2 7Q`2K2MiBQM2/ }MBi2@bBx2 /BbiQ`iBQMb iQ i?2 /Bbi`B#miBQM- +mb2 i?2
Q#b2`p2/ `2/m+iBQM Q7 i?2 p2`;2 bBx2X q?BHbi Bi KB;?i #2 TQbbB#H2 iQ +Q``2+i 7Q` i?Bb-
i?2 Qi?2` /BbiQ`iBQMb H2/ Bi iQ #2 MQi rQ`i?r?BH2X
h?2 iQTQHQ;B+H +?`;2 /Bbi`B#miBQM rb HbQ +QKTmi2/ 7Q`  bBM;H2 +QM};m`iBQM
Q7  64 × 323 HiiB+2 7Q` al(2)/DL7R- rBi? β = 2.05,m = −1.51- M/ pBbmHBb2/ BM
i?`22 /BK2MbBQMb mbBM; i?2 oBbAi pBbmHBbiBQM iQQH (Rd9- Rd8)X h?2 `2bmHiBM; ;`T?B+b
`2 b?QrM BM TT2M/Bt X
6Q`  bm{+B2MiHv H`;2 HiiB+2- r2 2tT2+i i?i i?2 iQTQHQ;B+H bmb+2TiB#BHBiv M/
p2`;2 BMbiMiQM bBx2 b?QmH/ b+H2 b
χ = L−4Fχ(Lm1/(1+γ∗))) , U8XkjV
ρ = LFρ(Lm
1/(1+γ∗)) , U8Xk9V
r?2`2 γ∗ Bb i?2 MQKHQmb /BK2MbBQM Q7 i?2 U+?B`HV +QM/2Mbi2X ii2KTib r2`2 K/2 iQ
}i #Qi? i?2 al(2)/DL7R M/ i?2 Jqh `2bmHib iQ i?2b2 `2HiBQM #v ?M/ Ub /2b+`B#2/
BM (Ry)V- rBi?Qmi bm++2bbX  `2T`2b2MiiBp2 bKTH2 Q7 i?2 THQib ;2M2`i2/ 7Q` i?Bb }i `2
b?QrM BM };m`2b 8X3Ĝ8XRRX
38
8X hPSPGP:u
GiiB+2 aL am0 amS** a4χ ρ/a
R 3 1.475 yXR93NUNV 2.321(85)× 10−4 jX3kUj9V
k 3 1.500 yXRRyRURkV 1.935(69)× 10−4 jXNRUjNV
j 3 1.510 yXyNy9UR9V 1.676(64)× 10−4 jXNRU9kV
9 3 1.510 yXy3dkUkkV 1.648(37)× 10−4 jXN8U9jV
"R Rk 1.475 yXR9NjU8V 1.942(74)× 10−4 9XjkUkyV
"k Rk 1.500 yXRRRjU3V 1.868(71)× 10−4 9XjjdUddV
"j Rk 1.510 yXyNkkeUNkV 1.569(34)× 10−4 9XeRUkdV
*R Re 1.475 yXR938U9V 2.651(94)× 10−4 9X8yjUdjV
*k Re 1.490 yXRkdNUkV 2.150(74)× 10−4 9XeRkU33V
*j Re 1.510 yXyNRRRUjRV 1.563(65)× 10−4 9XNyUR8V
*9 Re 1.510 yXyNy93U8kV 1.607(54)× 10−4 9XNyURjV
*8 Re 1.514 yXy3kkjUj9V 1.442(62)× 10−4 9XN3URdV
*e Re 1.519 yXye83dUjdV 1.274(43)× 10−4 8XkjUkkV
*d Re 1.523 yXy939yU89V 1.046(37)× 10−4 8XeRUjjV
.R k9 1.510 yXyNRjyUkdV 1.979(73)× 10−4 8XyeRURdV
.k k9 1.523 yXy9dkkU9jV 1.204(43)× 10−4 eXy83UdjV
h#H2 8XR, LmK2`B+H `2bmHib 7Q` mPCAC - χ M/ ρ 7Q` N7 = 1 b  7mM+iBQM Q7 mS** QM
HiiB+2b Q7 bBx2 2L× L3X GiiB+2 MK2b +Q``2bTQM/ rBi? i?Qb2 BM +?Ti2` 9X
GiiB+2 aL −am0 amS** a4χ ρ/a
ay 3 −0.50 RXRej8jUdjV 2.198(36)× 10−4 jX39Uj9V
aR 3 −0.25 RXydky8UNdV 2.141(35)× 10−4 jX38Uj9V
ak 3 0.00 yXNdyeURRV 2.188(37)× 10−4 jX3eUj8V
aj 3 0.25 yX388kURRV 2.059(33)× 10−4 jX33UjdV
a9 3 0.50 yXdkk9URjV 1.764(28)× 10−4 jXNeU9RV
a8 3 0.75 yX8eydUR3V 1.365(23)× 10−4 9XykU8RV
ae 3 0.90 yX9jjyUR3V 8.23(17)× 10−5 9XRkUedV
"y Rk 0.95 yXjNyRdUe3V 4.772(81)× 10−5 8XdjUedV
"R Rk 1.00 yXjjekjU3kV 6.502(93)× 10−5 eXR3UN9V
h#H2 8Xk, LmK2`B+H `2bmHib 7Q` mPCAC - χ M/ ρ 7Q` Jqh b  7mM+iBQM Q7 mS** QM















L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3













L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3













L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3













L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3
U/V γ∗ = 5.0
6B;m`2 8X3, 6BiiBM; i?2 iQTQHQ;B+H bmb+2TiB#BHBiv 7Q` al(2)/DL7RX h?2 +HQb2bi }i Bb
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L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3
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L
L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3
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/
L
L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3
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/
L
L m1/(1 + *)
Nf = 2, V = 16  8
3
Nf = 2, V = 24  12
3
Nf = 2, V = 32  16
3
Nf = 2, V = 48  24
3
U/V γ∗ = 5.0
6B;m`2 8XN, 6BiiBM; i?2 p2`;2 BMbiMiQM bBx2 7Q` al(2)/DL7RX ;BM- i?2 +HQb2bi }i Bb














L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123












L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123












L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123
U+V γ∗ = 2.0
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½
/L
L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123
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½
/L
L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123











 6  6.5  7  7.5  8  8.5  9
½
/L
L m1/(1 + γ*)
Nf = 2, V = 16 £ 83
Nf = 2, V = 24 £ 123
U+V γ∗ = 2.0
6B;m`2 8XRR, 6BiiBM; i?2 p2`;2 BMbiMiQM bBx2 7Q` JqhX HH THQib }i- bBM+2 i?2 2``Q`




b rb /Bb+mbb2/ BM +?Ti2` k- bBM+2 Jqh Bb  +QM7Q`KH i?2Q`v- i?2 72`KBQMb `2
2tT2+i2/ iQ #2 /vMKB+HHv [m2M+?2/- H2pBM; i?2 iQTQHQ;B+H Q#b2`p#H2b mMz2+i2/c
r2 i?2`27Q`2 2tT2+i i?2 Jqh M/ Tm`2 ;m;2 `2bmHib iQ #2 2[mBpH2Mi iQ 2+? Qi?2`X
h?Bb Bb BM/22/ r?i Bb b22MX Pm` `2bmHib 7`QK +?Ti2` 9 `2 i2MiiBp2Hv BM/B+iBp2 Q7
+QM7Q`KHBiv Q` M2`@+QM7Q`KHBivc i?2 +QMbBbi2M+v b22M #2ir22M i?2 R@~pQm` `2bmHib
M/ i?2 Jqh M/ Tm`2 ;m;2 `2bmHib `2BM7Q`+2 i?2b2 }M/BM;bX
h?2 /BbiQ`iBQM Q7 i?2 204 Tm`2 ;m;2 /Bbi`B#miBQM Bb bm`T`BbBM;c i?2 pHm2b Q7 β r2`2
+?Qb2M iQ pQB/ }MBi2@bBx2 2z2+ib i 2+? HiiB+2 pQHmK2X Ai Bb TQbbB#H2 i?i BMbiMiQMb `2
KQ`2 b2MbBiBp2 iQ }MBi2@pQHmK2 2z2+ib i?M Qi?2` Q#D2+ib- #mi Bi Bb KQ`2 HBF2Hv i?i i?2
+QQHBM; ?b +mb2/ i?2 bKHH2bi BMbiMiQMb iQ b?`BMF UKQ`2 bQ i?M BM i?2 i?2Q`B2b rBi?
Kii2`V M/ ǳ7HH i?`Qm;?Ǵ i?2 HiiB+2- /BbiQ`iBM; i?2 /Bbi`B#miBQMX h?2 al(2)/DL7R
+m`p2 i 16× 83 Bb  HQi +HQb2` iQ i?2 H`;2@pQHmK2 +m`p2 i?M i?2 Jqh +m`p2 Bbc i?Bb
Bb KQbi HBF2Hv #2+mb2 r?BH2 i?2 Jqh bim/v Tmb?2/ m b HQr b TQbbB#H2 M/ HQQF2/
7Q` }MBi2@bBx2 2z2+ib Hi2`- i?2 al(2)/DL7R bim/v #M/QM2/ `mMb 2`HB2` r?2M i?2v
b?Qr2/ bB;Mb Q7 }MBi2@pQHmK2 2z2+ib- K2MBM; i?2 `2KBMBM; `mMb `2 H2bb |B+i2/X
6Q` i?2 }ib- BM i?2 +b2 Q7 al(2)/DL7R- i?2 }ib QMHv TT2` `2bQM#H2 i γ∗ ≈ 5.0-
r?B+? Bb r2HH QmibB/2 i?2 `M;2 Q7 ++2Ti#H2 pHm2b 7Q` γ∗- 0 ≤ γ∗ < 2.0X 6Q` Jqh
K2Mr?BH2- BM i?2 +b2 Q7 χ- MQ b+HBM; #2?pBQm` Bb Q#b2`p#H2- M/ BM i?2 +b2 Q7 ρ-
i?2 `2bmHib `2 +QKTiB#H2- #mi i?2B` #2?pBQm` Bb bm+? i?i MQ #QmM/b +M #2 TH+2/
QM γ∗X
8X8 *QM+HmbBQMb
AM i?Bb +?Ti2` A ?p2 T`2b2Mi2/  }`bi HQQF i i?2 iQTQHQ;B+H bmb+2TiB#BHBiv M/ BM@
biMiQM bBx2 /Bbi`B#miBQM 7Q` #Qi? al(2)/DL7R M/ JqhX "Qi? i?2Q`B2b /2KQMbi`i2
#2?pBQm` i?i Bb +QKTiB#H2 rBi? A_ +QM7Q`KHBiv BM #Qi? i?2 BMbiMiQM bBx2 /Bbi`B#m@
iBQM M/ i?2 iQTQHQ;B+H bmb+2TiB#BHBivX "Qi? HbQ b?Qr }MBi2@bBx2 2z2+ib BM i?2 BMbiMiQM
bBx2 /Bbi`B#miBQM i bKHH HiiB+2 bBx2- rBi? Jqh b?QrBM; i?2K KQbi b2p2`2HvX lbBM;
iQTQHQ;B+H Q#b2`p#H2b- i?2 MQKHQmb /BK2MbBQM Q7 i?2 +?B`H +QM/2Mbi2 +QmH/ MQi
#2 2ti`+i2/ BM 2Bi?2` i?2Q`vX
1ti2M/BM; i?2 Jqh bim/v iQ H`;2` HiiB+2b rQmH/ HHQr  7mHH2` HQQF i r?2i?2` Q`
MQi b+HBM; Q7 iQTQHQ;B+H Q#b2`p#H2b rBi? i?2 MQKHQmb /BK2MbBQM +QmH/ #2 Q#b2`p2/
NR
8X hPSPGP:u




>B_2T *Q/2 M/ "aJ"2M+?
>pBM; /Bb+mbb2/ i?2 T?vbB+H TTHB+iBQMb Q7 i?Bb rQ`F BM bQK2 /2iBH- A rBHH BM i?Bb
+?Ti2` T`2b2Mi i?2 +QKTmiiBQMH bB/2 iQ i?2 rQ`F A ?p2 /QM2X 6B`bi BM b2+iBQM eXR A
rBHH `2pB2r bQK2 Q7 i?2 i2+?MB+H bT2+ib Q7 ?B;?@T2`7Q`KM+2 +QKTmiBM; U>S*VX h?2M
BM b2+iBQM eXk A rBHH QmiHBM2 i?2 >B_2T +Q/2- r?B+? rb mb2/ iQ Q#iBM KQbi Q7 i?2
`2bmHib T`2b2Mi2/ BM i?2 T`2pBQmb irQ +?Ti2`bX AM b2+iBQM eXj A rBHH T`2b2Mi "aJ"2M+?-
 M2r #2M+?K`F iQQH 7Q` >S* bvbi2Kb #b2/ QM i?2 >B_2T +Q/2X
eXR >B;?@S2`7Q`KM+2 *QKTmiBM;
"27Q`2 /BpBM; BMiQ /2iBH2/ /Bb+mbbBQMb Q7 >S* +Q/2 M/ Bib T2`7Q`KM+2 +?`+i2`BbiB+b-
Bi Bb rQ`i? Qp2`pB2rBM; bQK2 Q7 i?2 i2+?MB+H bT2+ib Q7 >S* bvbi2Kb- BM Q`/2` iQ Tmi
i?2 /Bb+mbbBQM BM +QMi2tiX
HH KQ/2`M ?B;?@T2`7Q`KM+2 UM/ BM+`2bBM;Hv MQM@?B;?@T2`7Q`KM+2V +QKTmi2`b
QT2`i2 QM i?2 T`BM+BTH2 Q7 T`HH2HBbKc i?i Bb- `mMMBM; KmHiBTH2 i?`2/b Q7 +Q/2 QM
/BbiBM+i T`Q+2bbBM; mMBibX >BbiQ`B+HHv bmT2`+QKTmi2`b r2`2 p2+iQ` T`Q+2bbQ`bc i?i Bb-
i?2v QT2`i2/ QM +?mMFb Q7 /i BM T`HH2H #mi rBi? b+H` BMbi`m+iBQMbX h?2b2 K+?BM2b
`2 MQr KQbiHv +QM}M2/ iQ Kmb2mKb-R M/ BMbi`m+iBQM T`HH2HBbK Bb i?2 bii2 Q7 i?2 `iX
h?2`2 `2 irQ T`BK`v K2i?Q/b Q7 2t2+miBQM r?B+? `2 BM mb2- *Slb U*2Mi`H S`Q+2bbBM;
lMBibV M/ :`T?B+b S`Q+2bbBM; lMBib U:SlbVX *Slb `2 i?2 QH/2` i2+?MQHQ;v M/ `2
2bB2` iQ T`Q;`K 7Q`- rBi? 2+? mMBi #2BM; #H2 iQ 2t2+mi2 BM/2T2M/2MiHvX :Slb- b
RLQi2 i?i r?BH2 K+?BM2b r?Qb2 T`BK`v K2i?Q/ Q7 T2`7Q`KM+2 BM+`2b2 Bb BM+`2bBM; /2;`22b Q7
p2+iQ`BxiBQM `2 QmiKQ/2/- i?2 p2+iQ` 2t2+miBQM KQ/2H Bb Bib2H7 T`2b2Mi BM HH KQ/2`M T`Q+2bbQ`b BM
bQK2 `2bT2+i BM i?2 7Q`K Q7 aAJ. BMbi`m+iBQMb Ubm+? b aa1 M/ os BM t3e T`Q+2bbQ`bVX
Nj
eX >A_1S *P.1 L. "aJ"1L*>
i?2 MK2 bm;;2bib- r2`2 BMBiBHHv /2p2HQT2/ iQ T`Q+2bb i?2 /BbTHv Q7 j. ;`T?B+b- #mi
?p2 BM i?2 Hbi /2+/2 #22M /Ti2/ iQ `mM ;2M2`H@Tm`TQb2 +Q/2X h?2v Qz2` ?B;?2`
T2`7Q`KM+2 i?M +QKT`#Hv@T`B+2/ *Slb- #mi `2 KbbBp2Hv T`HH2H rBi?  HBKBi2/
BMbi`m+iBQM b2i- M/ rQ`F BM +QMDmM+iBQM rBi?  *Sl iQ 722/ Bi BMbi`m+iBQMb M/ T`Q+2bb
MQM@T`HH2H b2+iBQMbX "2+mb2 Q7 i?Bb- i?2v `2 KQ`2 /B{+mHi iQ T`Q;`K 7Q` i?M *Slb-
M/ bBM+2 >B_2T M/ "aJ"2M+? +m``2MiHv KF2 MQ mb2 Q7 :Slb- rBHH MQi #2 /Bb+mbb2/
Mv 7m`i?2`X
qQ`i? /Bb+mbbBM; i i?Bb TQBMi Bb i?2 p`BQmb bm#/BpBbBQMb Q7 K+?BM2b i?i Kv #2
+QMbB/2`2/X AM ;2M2`H H`;2 K+?BM2b +QMbBbi Q7  MmK#2` Q7 MQ/2b U+QKTmi2 +`/b BM
"Hm2 :2M2 T`HM+2V- 2+? Q7 r?B+? Bb KQ`2 Q` H2bb 2[mBpH2Mi iQ  rQ`FbiiBQM +QKTmi2`X
h?2`2 Bb  bQ7i /BbiBM+iBQM #2ir22M +Hmbi2`b M/ bmT2`+Hmbi2`b- r?B+? mb2 U?B;?@2M/V +QK@
KQ/Biv T`Q+2bbQ`b M/ ?p2 MQ/2b r?B+? T`QpB/2  rQ`FbiiBQM@HBF2 2MpB`QMK2Mi- M/
ǳi`m2Ǵ bmT2`+QKTmi2`b UKQbi MQi#Hv A"JǶb "Hm2 :2M2 `+?Bi2+im`2RV r?B+? mb2 bT2@
+BHBbi *Slb M/ ?p2 bi`BTT2/@/QrM MQ/2bX U>BbiQ`B+HHv i?2 rQ`/ ǳbmT2`+QKTmi2`Ǵ
rb `2b2`p2/ 7Q` K+?BM2b rBi? ?m;2 KQmMib Q7 K2KQ`v b?`2/ #2ir22M  H`;2 MmK@
#2` Q7 2t2+miBQM +Q`2b M/fQ` p2+iQ` mMBib- M/ 2p2M  "Hm2 :2M2@HBF2 K+?BM2 rQmH/
#2 `272``2/ iQ b  bmT2`+Hmbi2`c i?Bb MQK2M+Him`2 Bb MQr HBKBi2/ iQ  ?M/7mH Q7 i`/B@
iBQMHBbib- bBM+2 bm+? K+?BM2b ?p2 #22M H`;2Hv /Bb+QMiBMm2/ BM 7pQm` Q7 i?2 bBKTH2`
MQ/2@#b2/ T`HH2HBbKXV 6Q` +Q/2 i?i Bb MQi T`HH2HBb2/- +Hmbi2`b ;2M2`HHv Qz2` #2ii2`
T2`7Q`KM+2 7Q` DQ#@H2p2H T`HH2HBbK UbQK2iBK2b `272``2/ iQ b >B;?@h?`Qm;?Tmi *QK@
TmiBM; U>h*V- `mMMBM; KmHiBTH2 b+H` +Q/2b bBKmHiM2QmbHv iQ iF2 /pMi;2 Q7 i?2
K+?BM2Ƕb T`HH2HBbKVc r?BH2 i?Bb Bb bQK2iBK2b TQbbB#H2 QM "Hm2 :2M2@HBF2 K+?BM2b- Bi
Bb ;2M2`HHv H2bb 2{+B2Mi i?M mbBM;  +Hmbi2` 2MpB`QMK2MiX
1+? 2t2+miBQM +Q`2 Bb 2z2+iBp2Hv  *Sl BM Bib QrM `B;?i- ?pBM; /2/B+i2/ ++?2b-
M/ #2BM; #H2 iQ 2t2+mi2 BMbi`m+iBQMb BM/2T2M/2MiHv Q7 Bib bB#HBM;bc i?2 +Q`2b 7`2[m2MiHv
HbQ b?`2 ++2bb iQ  +QKKQM ++?2X 6Q` i?2 Tm`TQb2b Q7 `mMMBM; +Q/2- i?2 /BpBbBQMb
#2ir22M T`Q+2bbQ`b `2 MQi MQ`KHHv +QMbB/2`2/- M/ i?2 MQ/2 Bb +QMbB/2`2/ BM i2`Kb
Q7 Bib MmK#2` Q7 +Q`2b QMHvX HH i?2 +Q`2b QM  MQ/2 b?`2 ++2bb iQ i?2 bK2 K2KQ`v-
R6Q` +QKTH2i2M2bb- i?2 "Hm2 :2M2 `+?Bi2+im`2 HbQ ?b ?B;?2`@H2p2H bi`m+im`2 #Qp2 i?2 MQ/2 H2p2H,
i?2 +QKTmi2 +`/b `2 ``M;2/ BMiQ #HQ+Fb Q7 Re +HH2/ MQ/2 +`/b- r?B+? `2 BM im`M ``M;2/ BMiQ
KB/THM2bX hrQ KB/THM2b TH+2/ QM2 iQT i?2 Qi?2` UTQbbB#Hv rBi? bQK2 //BiBQMH AfP ?`/r`2V
7Q`K  `+F- r?B+? Bb i?2 bKHH2bi mMBi Q7 "Hm2 :2M2 pBH#H2 7Q` Tm`+?b2X h?2 K+?BM2 i?2M +QKT`Bb2b
M TT`QT`Bi2 MmK#2` Q7 `+FbX
N9
eXR >B;?@S2`7Q`KM+2 *QKTmiBM;
i?mb i?2 MQ/2 Ub rBi? i?2 2MiB`2 ?BbiQ`B+H bmT2`+QKTmi2`b /Bb+mbb2/ #Qp2V Bb  b?`2/@
K2KQ`v 2MpB`QMK2MiX
aBM+2 i?2 K2KQ`v Bb MQi b?`2/ #2ir22M i?2 MQ/2b U`i?2` #2BM; /Bbi`B#mi2/ #2@
ir22M i?2KV- Bb Bb HKQbi Hrvb i?2 +b2 i?i i?2 +QMi2Mib Q7 K2KQ`v rBHH M22/ iQ #2
i`Mb72``2/ #2ir22M MQ/2b UbBM+2 Bi Bb ``2 i?i  T`HH2HBb2/ +Q/2 rBHH QMHv rQ`F rBi?
i?2 TQ`iBQM Q7 i?2 /i b2i i?i Bi Bb HHQ+i2/- M/ MQi /2T2M/ QM Mv mT/i2/ /i
7`QK Qi?2` MQ/2bVX "2+mb2 Q7 i?Bb- Bi Bb BKTQ`iMi iQ ?p2 ?B;?@bT22/ BMi2`+QMM2+ib
#2ir22M i?2 MQ/2bX GiiB+2 +Q/2b BM T`iB+mH`- 2p2M rBi? mHi`HQ+H mT/i2b- M22/ iQ
bvM+?`QMBb2 H`;2 KQmMib Q7 /i #2ir22M MQ/2b p2`v Q7i2Mc Bi Bb i?2`27Q`2 BKTQ`iMi
i?i i?2 BMi2`+QMM2+ib ?p2 #Qi? ?B;? bT22/ M/ HQr Hi2M+vX aT22/ ?2`2 `272`b iQ i?2
KQmMi Q7 /i i`Mb72``2/ BM  ;Bp2M iBK2- r?BH2 Hi2M+v `272`b iQ i?2 KBMBKmK /2Hv
#2ir22M KFBM;  `2[m2bi M/ `2+2BpBM; i?2 `2bmHiBM; /iX
hQ BHHmbi`i2 i?2 /Bz2`2M+2-  7`2[m2MiHv@[mQi2/ 2tKTH2 Q7  ?B;?@bT22/- ?B;?@
Hi2M+v +QMM2+iBQM Bb  ?B;?@bT22/ i`BM HQ/2/ rBi? ~b? K2KQ`věi?2 i`BM KQp2b
bHQrHv +QKT`2/ iQ 2H2+i`B+H bB;MHb- #mi i?2 /i /2MbBiv KF2b i?2 Qp2`HH i`Mb72`
`i2 #2ii2` i?M 2H2+i`B+H bB;MHbX U MmK2`B+H /Bb+mbbBQM Q7 i?Bb ivT2 Q7 b+2M`BQ Kv
#2 7QmM/ BM- 7Q` 2tKTH2- (Rde)XV J2Mr?BH2  JQ`b2 +Q/2 QT2`iQ` QM  `/BQ 7`2[m2M+v
rQmH/ ?p2  HQr2` i?`Qm;?Tmi bT22/ UHBKBi2/ #v i?2 ?mKM }M;2`V- #mi Km+? HQr2`
Hi2M+v Ui?2 bT22/ Q7 HB;?i T`QpB/BM; i?2 HQr2bi TQbbB#H2 Hi2M+vVX  ?B;? Hi2M+v rQmH/
H2p2  HiiB+2 +Q/2 7`2[m2MiHv rBiBM; 7Q`  i`Mb72` iQ +QKK2M+2 bQ Bi +M +QMiBMm2-
r?BH2  bHQr bT22/ rQmH/ H2p2 Bi rBiBM; 7Q` i?2 i`Mb72` iQ +QKTH2i2X
M 2t2+miBQM +Q`2 Kv HbQ bmTTQ`i KmHiBTH2 +QM+m``2Mi i?`2/běBM AMi2H +?BTb i?Bb
Bb `272``2/ iQ b >vT2`h?`2/BM;X h?Bb rb Q`B;BMHHv BMi`Q/m+2/ b  ǳTQQ` T2`bQMǶb
KmHiB@+Q`2Ǵ- bBM+2 7Q` +QKKQ/Biv mb;2 Bi T`QpB/2b /pMi;2b bBKBH` iQ  KmHiB@+Q`2
+?BT QM  bBM;H2@+Q`2 T`Q+2bbQ`X h?2 T`Q+2bbQ` +QMiBMb KmHiBTH2 b2ib Q7 bii2 `2;Bb@
i2`b UQ` ++?2b 7Q` i?2KVc ?Qr2p2`- QMHv QM2 i?`2/ 2t2+mi2b i  iBK2X h?2 bT22/
BKT`Qp2K2Mi +QK2b 7`QK i?2 pbiHv BM+`2b2/ bT22/ Q7 +QMi2ti brBi+?BM;- 7Q` r?B+?
2{+B2Mi BMbi`m+iBQMb `2 //2/X h?Bb K2Mb i?i r?2M  T`Q;`K M22/b iQ rBi U7Q`
M2irQ`F i`{+- 7Q` 2tKTH2V- i?2 *Sl Kv brBi+? iQ  /Bz2`2Mi T`Q+2bb i?i Bb `2/v
iQ +QMiBMm2- rBi?Qmi i?2 ǳi?`b?BM;Ǵ i?i Q++m`b BM i?2 #b2M+2 Q7 +QM+m``2Mi i?`2/bX
h?2`2 `2 irQ T`BK`v K2i?Q/b Q7 T`HH2HBbBM; TTHB+iBQMb, K2bb;2@TbbBM; K2i?@
Q/b bm+? b JSA UJ2bb;2 SbbBM; AMi2`7+2V- M/ i?`2/@#b2/ b?`2/@K2KQ`v T@
T`Q+?2b bm+? b PT2MJS M/ Si?`2/bX AM i?2 +b2 Q7 JSA- N +QTB2b Q7 i?2 bK2
N8
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2t2+mi#H2 `2 `mM- r?2`2 N Bb i?2 /2;`22 Q7 T`HH2HBbiBQMX Ai HHQrb T`HH2HBbiBQM
#Qi? QM bBM;H2 MQ/2b M/ +`Qbb KmHiBTH2 MQ/2b- bBM+2 i?2 K2bb;2b +M #2 Tbb2/ HQ@
+HHv Q` Qp2`  M2irQ`Fc ?Qr2p2`- i?2 +Qbi BM+m``2/ Bb /mTHB+iBQM Q7 /i #2ir22M i?2
T`Q+2bb2b- M/ bQK2 K2bb;2@TbbBM; Qp2`?2/ r?2M `mMMBM; BM  b?`2/@K2KQ`v 2M@
pB`QMK2MiX JmHiBi?`2/2/ TT`Q+?2b K2Mr?BH2 `mM QMHv QM2 2t2+mi#H2- bTrMBM;
i?`2/b b?`BM; i?2 bK2 2t2+miBQM bT+2 iQ b?`2 i?2 rQ`Fc i?Bb pQB/b i?2 Qp2`?2/b
bbQ+Bi2/ rBi? JSA- #mi `2 HBKBi2/ iQ `mMMBM; QM  bBM;H2 MQ/2 bBM+2 KmHiBTH2 MQ/2b
/Q MQi UBM ;2M2`HV b?`2 K2KQ`vX
Ai Bb TQbbB#H2 iQ +QK#BM2 i?2b2 TT`Q+?2b BMiQ ǳ?v#`B/Ǵ JSA@PT2MJS T`Q;`Kb-
rBi? KmHiBi?`2/BM; QM i?2 MQ/2 M/ K2bb;2 TbbBM; #2ir22M i?2 MQ/2bc i?Bb pQB/b
b KMv K2bb;2@TbbBM; Qp2`?2/b b TQbbB#H2- #mi irQ b2ib Q7 T`HH2HBbiBQM `2[mB`2b
irB+2 b Km+? /2#m;;BM;- M/ +`2 Kmbi #2 iF2M iQ 2Mbm`2 i?i i?2 irQ /QMǶi BMi2`72`2
rBi? 2+? Qi?2`X aQK2 +QKTBH2`b rBHH ii2KTi iQ miQKiB+HHv BKTH2K2Mi KmHiBi?`2/@
BM; QTiBKBbiBQMbc ?Qr2p2`- rBi? +m``2Mi MQM@i`BpBH +Q/2- i?2`2 Bb MQi  K2bm`#H2
BKT`Qp2K2Mi BM T2`7Q`KM+2 7`QK i?2b2 QTiBKBbiBQMbX
eXk >B_2T
h?2 >B_2T +Q/2 ?b #22M r`Bii2M Qp2` i?2 Hbi bBt v2`b #v  i2K ?2/2/ #v *Hm/BQ
SB+X Jm+? rQ`F ?b #22M Tm#HBb?2/ BM+Q`TQ`iBM; `2bmHib T`Q/m+2/ #v >B_2T M/
+Q/2 #mBHi mTQM Bi (Ry- R9- R8e- R8d- RddĜR3d)X Aib QT2`iBQM Bb /2b+`B#2/ BM /2iBH #v
.2H .2##BQ- Si2HH- M/ SB+ (Rd3)c i?2 H;Q`Bi?Kb mb2/ `2 `2pB2r2/ BM +?Ti2` jX
h?2 >B_2T +Q/2 +QKT`Bb2b,
Ç  b2i Q7 * KQ/mH2b +QMiBMBM; b?`2/ 7mM+iBQMb
Ç  b2i Q7 * M/ 6Q`i`M T`Q;`Kb 7Q` bT2+B}+ +QKTmiiBQMb- KFBM; mb2 Q7 i?2
#Qp2 HB#``B2b
Ç *YY +Q/2 iQ ;2M2`i2 ?2/2` }H2b 7Q`  T`iB+mH` 72`KBQM `2T`2b2MiiBQM M/
;m;2 ;`QmT i +QKTBH2 iBK2
Ç JF2}H2b iQ HBMF i?2 #Qp2 iQ;2i?2`
Ç //BiBQMH biiBbiB+H MHvbBb iQQHb U*YY +Q/2 rBi? #b? r`TT2`bV iQ 2ti`+i
bT2+i`Qb+QTB+ [mMiBiB2b 7`QK i?2 T`Q;`K QmiTmi
Ne
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*QKTBH2@iBK2 T`K2i2`b U2X;X ;m;2 ;`QmT- 72`KBQM `2T`2b2MiiBQM- #QmM/`v +QM@
/BiBQMb- mb2 Q7 JSAV `2 bT2+B}2/ BM  ~;b }H2X _mMiBK2 T`K2i2`b U2X;X HiiB+2 pQHmK2
M/ T`HH2HBbiBQM- +QmTHBM; M/ #`2 Kbb- /B`2+iQ`v 7Q` r`BiBM; +QM};m`iBQMb- H;Q@
`Bi?KB+ T`K2i2`bV `2 b2i BM M BMTmi }H2- r?B+? iF2b i?2 7Q`K Q7 F2v 4 pHm2 TB`b-
QM2 T2` HBM2X  72r T`K2i2`b U2X;X `mM HQ; }H2 HQ+iBQMV `2 b2i b +QKKM/@HBM2
`;mK2MibX
b Bb +QKKQM 7Q` HiiB+2 +Q/2b- T`HH2HBbiBQM Q++m`b mbBM; JSA- rBi? i?2 /BpBbBQM
bTHBiiBM; i?2 HiiB+2 pQHmK2 BMiQ +?mMFb- QM2 T2` T`Q+2bbX AM i?2 #b2M+2 Q7 +QKTBH2`@
bT2+B}+ miQKiB+ KmHiBi?`2/BM; QTiBKBbiBQMb- 2+? JSA T`Q+2bb Bb bBM;H2@i?`2/2/X
eXj "aJ"2M+?
"aJ"2M+? Bb  >S* #2M+?K`F iQQH /2p2HQT2/ 7`QK i?2 >B_2T +Q/2X AM i?Bb b2+iBQM
A rBHH 2tTHBM i?2 M22/ 7Q` #2M+?K`Fb BM >S*- QmiHBM2 i?2 T`Q+2/m`2 /QTi2/ 7Q`
"aJ"2M+?- M/ i?2M T`2b2Mi bQK2 `2bmHib i?2 #2M+?K`F ;Bp2b QM p`BQmb K+?BM2b-
rBi? ++QKTMvBM; /Bb+mbbBQMX M 2`HB2` p2`bBQM Q7 i?Bb rQ`F rb T`2b2Mi2/ b  TQbi2`
(R8) i i?2 AMi2`MiBQMH amT2`+QKTmiBM; *QM72`2M+2 UAa*ǶRkV (R33) BM >K#m`;X
eXjXR q?v #2M+?K`F\
1p2`v TTHB+iBQM r`Bii2M 7Q`  bvbi2K KF2b /Bz2`2Mi /2KM/b QM Bib ?`/r`2X 6Q`
2tKTH2- QM2 TTHB+iBQM Kv /2H 2t+HmbBp2Hv rBi? BMi2;2`b- r?BH2 MQi?2` KF2b ?2pv
mb2 Q7 ~QiBM;@TQBMi MmK#2`bX aQ@+HH2/ ǳ#B; /iǴ TTHB+iBQMb- r?B+? `2 #2+QKBM;
Q7 BM+`2bBM; BKTQ`iM+2 BM >S* rBi? i?2 `Bb2 Q7 H`;2 /ib2ib 7`QK bQ+BH M2irQ`FBM;
TTHB+iBQMb- `2[mB`2 pbi KQmMib Q7 rQ`FBM; K2KQ`v ++2bbB#H2 iQ  bBM;H2 T`Q+2bbc
Qi?2` TTHB+iBQMb UBM+Hm/BM; KQbi HiiB+2 ;m;2 i?2Q`v +QKTmiiBQMbV Kv #2 T`H@
H2HBb2/ bm+? i?i QM@MQ/2 K2KQ`v Bb MQi  KDQ` +QMbi`BMiX
h?Bb /Bp2`bBiv Q7 TTHB+iBQMb K2Mb i?i Bi Bb BKTQbbB#H2 7Q`  bmTTHB2` Q7  K+?BM2
iQ [mQi2  bBM;H2 T2`7Q`KM+2 `iBM; i?i }ib HH TTHB+iBQMbX h?Bb ?b H2/ iQ i?2 +`2@
iBQM M/ biM/`/BbiBQM Q7 #2M+?K`FbX  #2M+?K`F Bb  `272`2M+2 T`Q;`K- ?pBM;
i?2 bK2 +?`+i2`BbiB+b b  T`Q/m+iBQM T`Q;`K BM  T`iB+mH` `2 UB/2HHv 7`QK i?2
bK2 +Q/2#b2V- r?B+? #2?p2b BM  T`2/B+i#H2 rvc r?2M `mM QM M 2Mb2K#H2 Q7 K@
+?BM2b- i?2 QmiTmi Kv i?2M #2 mb2/ iQ +QKT`2 i?2 K+?BM2Ƕb bmBi#BHBiv 7Q` i?i ibFX
>pBM; i?Bb K2bm`2 Bb BMpHm#H2 r?2M KFBM; T`Q+m`2K2Mi /2+BbBQMb 7Q` /2/B+i2/
Nd
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7+BHBiB2b, B7  K+?BM2 rBi? +?`+i2`BbiB+b /2bB;M2/ iQ bmBi  ;`T? TTHB+iBQM r2`2
#Qm;?i iQ `mM T?vbB+b TTHB+iBQMb- 7Q` 2tKTH2- T2`7Q`KM+2 rQmH/ #2 7` HQr2` i?M
rQmH/ #2 ?/ 7`QK  bBKBH`Hv@T`B+2/ K+?BM2 i?i rb #2ii2`@bmBi2/ iQ i?2 ibFX
h?2 GALS*E #2M+?K`F (R3N) Bb i?2 KQbi +QKKQMHv@+Bi2/ #2M+?K`F 7Q` >S*-
M/ Bb i?2 #bBb Q7 i?2 hPS8yy (RNy) `MFBM;c i?2`2 Bb- ?Qr2p2`- BM+`2bBM; /2#i2 Qp2`
Bib +QMiBMm2/ `2H2pM+2 U(RNR)- 7Q` BMbiM+2- bm;;2bib i?2 GALS*E #2M+?K`F b QM2
Q7  bmBi2 bi`2bbBM; /Bz2`2Mi `2b- M/ (RNk) r`Mb Q7 i?2 /M;2` BM /2bB;MBM; M2r H`;2
K+?BM2b iQ `mM GALS*E r?2M i?2v rBHH #2 mb2/ 7Q` Qi?2` Tm`TQb2bVX h?2 :`T?
8yy (RNj) HBbi BM kyRy BMi`Q/m+2/  M2r #2M+?K`F 7Q` "B; .i@bivH2 TTHB+iBQMbc
i?Bb ?b BHHmbi`i2/ i?2 /BbT`Biv BM /2KM/b- rBi? i?2 `MFBM;b Q7 K+?BM2b b?m|BM;
;`2iHv +QKT`2/ iQ i?2B` hPS8yy TH+2bX Z*. ?b #22M mb2/ iQ #Qi? #2M+?K`F
bmT2`+QKTmi2`b (RN9) M/ bKHH2` K+?BM2b (RN8)c ?Qr2p2`- i?2b2 #2M+?K`Fb ?p2 MQi
T`Q/m+2/ `MFBM; i#H2b BM i?2 bK2 p2BM b i?2 hPS8yy M/ :`T? 8yyX
h?2 ?B;?2bi@T2`7Q`KM+2 K+?BM2b pBH#H2 `2 ;2M2`HHv i?2 M2r2bi iQ K`F2i M/
KQbi #2bTQF2- M/ i?mb /Q MQi #2M2}i 7`QK i?2 ++mKmHi2/ v2`b Q7 i2biBM; M QH/2`
Q` KQ`2 +QKKQMHv@mb2/ bvbi2K rBHH ?p2X h?Bb K2Mb i?i r?2M `mMMBM;  #2M+?K`F
QM  M2r K+?BM2- i?2 i2bi b?QmH/ BM+Hm/2  +QMbBbi2M+v +?2+F iQ p2`B7v i?i i?2 +Q/2
Bb 7mM+iBQMBM; +Q``2+iHvX 6BHBM; iQ /Q i?Bb +QmH/ `2bmHi BM T`Q+m`BM;  K+?BM2 i?i
TT2`b #HBbi2`BM;Hv 7bi +QKT`2/ iQ i?2 +QKT2iBiBQM- QMHv iQ }M/ i?i Bi 7BHb iQ `mM
i?2 KBM #Q/v Q7 i?2 +Q/2X "aJ +Q/2 BM ;2M2`H M/ >B_2T BM T`iB+mH`- mMHBF2 KQbi
+Q/2- ?b i?2 ~2tB#BHBiv iQ /Dmbi Bib `iBQ Q7 +QKKmMB+iBQMb iQ +QKTmi2 /2KM/b-
#b2/ QM i?2 72`KBQM `2T`2b2MiiBQM M/ i?2 ;m;2 ;`QmTX h?Bb HHQrb  #2M+?K`F
/2`Bp2/ 7`QK Bi iQ ;Bp2 `2bmHib TTHB+#H2 iQ KQ`2 TTHB+iBQMb i?M 2tBbiBM; #2M+?K`FbX
eXjXk "2M+?K`F bi`i2;v
hQ bmKK`Bb2 i?2 `2H2pMi TQBMib 7`QK i?2 T`2pBQmb bm#b2+iBQM- r2 ?p2 irQ KBM BKb
7Q` i?2 #2M+?K`F +Q/2 (RNe),
RX hQ ;Bp2  +?`+i2`BbiB+ `iBM; Q7 i?2 K+?BM2Ƕb T2`7Q`KM+2- M/
kX hQ +?2+F i?i i?2 K+?BM2 2t2+mi2b i?2 +Q/2 +Q``2+iHvX
h?2 #2M+?K`F b?QmH/ 7mH}H i?2b2 irQ ibFb rBi?BM +2`iBM +QMbiMib,
N3
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Ç Ai b?QmH/ mb2 +Q/2 i?i Bb `2T`2b2MiiBp2 Q7 i?2 KBM #Q/v Q7 i?2 +QKTmiiBQM
#2BM; #2M+?K`F2/X
Ç Ai b?QmH/ ;Bp2 QmiTmi i?i +M #2 `2/ #v T2QTH2 r?Q `2 MQi FMQrH2/;2#H2 BM i?2
`2 Q7 i?2 #2M+?K`F- bQ i?i bvbi2K #mBH/2`b +M `mM i?2 #2M+?K`F BMi2`MHHv
M/ mM/2`biM/ Bib QmiTmiX
Ç Ai b?QmH/ #2 bm{+B2MiHv H`;2 i?i i?2 K+?BM2 BM [m2biBQM +M /2KQMbi`i2 Bib
TQr2` UBX2X MQi bQ b?Q`i i?i BMBiBHBbiBQM iBK2b /QKBMi2- Q` bQ bKHH i?i QMHv
 bKHH TQ`iBQM Q7  K+?BM2 +M #2 mb2/V
Ç Ai b?QmH/ `mM BM `2bQM#H2 iBK2 Ujy KBMmi2b Ĝ R ?Qm` Bb B/2H- Hi?Qm;? /m2
iQ Bib ;2 M/ /2bB;M GALS*E +M iF2 Qp2` k9 ?Qm`b iQ `mM QM i?2 H`;2bi
+m``2Mi K+?BM2bc i?2`2 Bb +iBp2 `2b2`+? BMiQ ?Qr iQ `2/m+2 i?Bb iBK2 r?BHbi biBHH
KBMiBMBM;  +QKT`#H2 QmiTmiV
Ç Ai b?QmH/ #2 `2HB#H2 M/ `2T2i#H2 UB7 QM2 K+?BM2 Bb `i2/ b ?pBM; #2ii2`
T2`7Q`KM+2 i?M MQi?2`- Bi b?QmH/ Hrvb /Q bQ 7Q` i?i K2i`B+- M/ `2T2i2/
`mMMBM;b Q7  i2bi b?QmH/ ;Bp2 i?2 bK2 b+Q`2V
S2`7Q`KM+2 Bb Q7i2M K2bm`2/ BM 6GPSfb U6HQiBM;@SQBMi PS2`iBQMb T2` b2+QM/V 7Q`
MmK2`B+H TTHB+iBQMbc Q#pBQmbHv 7Q` Qi?2` TTHB+iBQMb i?Bb rQmH/ #2  H2bb `2H2pMi
`iBM;X q?2M  #2M+?K`F Bb #2BM; mb2/ 7Q`  bT2+B}+ TTHB+iBQM `i?2` i?M BM M
ii2KTi iQ ;Bp2  ;2M2`H Qp2`HH TB+im`2 Q7  K+?BM2Ƕb bT22/- Mv mMBi i?i +M #2
+QMbBbi2MiHv +QKT`2/ +QmH/ #2 mb2/ě7Q` 2tKTH2- ǳiBK2 iQ +QKTH2i2 QM2 JQMi2 *`HQ
mT/i2Ǵ- Q` ǳMmK#2` Q7 .B`+ QT2`iQ` TTHB+iBQMb BM i2M KBMmi2bǴ rQmH/ #2 bmBi#H2
K2bm`2b 7Q`  HiiB+2 ;m;2 i?2Q`v #2M+?K`FX
b rb K2MiBQM2/ BM i?2 T`2pBQmb bm#b2+iBQM- r?BHbi Z*. ?b H`2/v #22M mb2/
b  #2M+?K`F 7Q` K+?BM2b #2BM; +QMbB/2`2/ 7Q` Z*. TTHB+iBQMb- HQQFBM; i "aJ
i?2Q`B2b +?M;2b i?2 `iBQ Q7 +QKTmi2 iQ +QKKmMB+iBQMb /2KM/běr?B+? BM i?2 +b2
Q7 Z*. `2 `Qm;?Hv #HM+2/X q2 i?2`27Q`2 M22/  #2M+?K`F iQ HQQF i i?2 +Hbb2b
Q7 "aJ i?2Q`B2b r2 `2 BMi2`2bi2/ BM mbBM;  K+?BM2 7Q`c  Z*. #2M+?K`F rQmH/ #2
BMbm{+B2Mi- bBM+2  /2}+B2M+v BM i?2 `2 M2+2bb`v 7Q` i?2 "aJ i?2Q`v +QmH/ #2 KbF2/
#v  ;QQ/ T2`7Q`KM+2 BM MQi?2` `2X //BiBQMHHv- /2p2HQTBM; bm+?  #2M+?K`F rBHH
HHQr TTHB+iBQM iQ `2b QmibB/2 Q7 HiiB+2 T?vbB+b- bBM+2 i?2 ~2tB#BHBiv BM i?2 +?QB+2 Q7
i?2Q`v HHQrb Hi2`BM; i?2 /2KM/b Q7 i?2 #2M+?K`FX
NN
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q2 +?QQb2 i?2`27Q`2 iQ KF2 i?`22 /Bz2`2Mi `2;BK2b pBH#H2 iQ #2M+?K`F,
Ç  +QKKmMB+iBQMb@BMi2MbBp2 `2;BK2- al(2) rBi? irQ /DQBMi ~pQm`b- `272``2/ iQ
b i?2 ǳ+QKKbǴ i2bi-
Ç  #HM+2/ `2;BK2- al(3) rBi? irQ 7mM/K2MiH ~pQm`b- `272``2/ iQ b i?2 ǳ#H@
M+2Ǵ i2bi- M/
Ç  +QKTmi2@BMi2MbBp2 `2;BK2- al(6) rBi? irQ 7mM/K2MiH ~pQm`b- `272``2/ iQ b
i?2 ǳ+QKTmi2Ǵ i2biX
JQ`2 i2bib +M #2 2bBHv //2/ #v MvQM2 rBi? ++2bb iQ i?2 >B_2T +Q/2X
h?2 bi`i2;v /QTi2/ 7Q` i?2 #2M+?K`F Bb /Ti2/ 7`QK i?i Q7 GɃb+?2` (RN8)X h?2
T`Q;`KǶb T`2T`iBQM M/ 2t2+miBQM Q++m` b 7QHHQrb,
Ç S`2T`iBQM,
Ĝ h?2 mb2` T`2T`2b Q` b2H2+ib  K+?BM2 +QM};m`iBQM }H2 bT2+B7vBM; i?2B`
* +QKTBH2` M/ TT`QT`Bi2 ~;bc bQK2 bm+? }H2b `2 BM+Hm/2/ rBi? i?2
/Bbi`B#miBQM 7Q` K+?BM2b rBi? r?B+? "aJ"2M+? ?b #22M i2bi2/X
Ĝ UPTiBQMHV h?2 mb2` Kv b2i  ~; iQ BM/B+i2 i?i i?2v /Q MQi `2[mB`2 
T`HH2H p2`bBQM Q7 i?2 +Q/2X
Ĝ h?2 mb2` +HHb i?2 +QKTBH2 b+`BTi rBi? i?2 T`HH2H UM/ QTiBQMHHv i?2 MQM@
T`HH2HV K+?BM2 +QM};m`iBQM }H2 b `;mK2MiUbVX
Ĝ h?2 +QKTBHiBQM b+`BTi +QTB2b i?2 K+?BM2 +QM};m`iBQM }H2 BMiQ i?2 TT`Q@
T`Bi2 TH+2 M/ b2ib TT`QT`Bi2 ~;b BM i?2 >B_2T +QM};m`iBQM }H2bX
Ĝ h?2 +QKTBHiBQM b+`BTi i?2M +HHb i?2 KF2 +QKKM/ iQ ;2M2`i2 i?2 i?`22
p2`bBQMb Q7 i?2 #2M+?K`F HBbi2/ #Qp2- BM T`HH2H UmMH2bb iQH/ Qi?2`rBb2V
M/ UQTiBQMHHvV MQM@T`HH2H p2`bBQMbX
Ç 1t2+miBQM,
Ĝ h?2 mb2` UQ` DQ# +QMi`QH bvbi2KV +HHb UpB KTB`mM B7 TT`QT`Bi2V i?2 TT`Q@
T`Bi2 #2M+?K`F 2t2+mi#H2- TQBMiBM; Bi i QM2 Q7 i?2 bmTTHB2/ T`K2i2`
b2ib
Ĝ h?2 +Q/2 `2/b BM i?2 T`K2i2` b2i- /2}MBM; i?2 ;2QK2i`v TT`QT`Bi2HvX
Ryy
eXj "aJ"2M+?
Ĝ h?2 +Q/2 HHQ+i2b  `M/QK ;m;2 }2H/ M/ b KMv `M/QK 72`KBQM }2H/b
b `2 bT2+B}2/ BM i?2 T`K2i2` b2iX
Ĝ b  +QMbBbi2M+v +?2+F UBi2K k #Qp2V- i?2 +Q/2 BMp2`ib i?2 .B`+ QT2`iQ`
QM i?2 }`bi `M/QK bTBMQ` }2H/ M/ 2Mbm`2b i?i i?2 `2bB/mH /`QTb #2HQr
 ;Bp2M i?`2b?QH/X h?2 BMTmi M/ QmiTmi bTBMQ`b `2 i?2M `2@`M/QKBb2/X
h?Bb i2bi Bb QMHv +``B2/ Qmi B7 `2[m2bi2/ BM i?2 T`K2i2` b2i- bBM+2 Bi rQmH/
/QKBMi2 i?2 2t2+miBQM iBK2 QM bKHH2` K+?BM2b U2X;X rQ`FbiiBQMbV- r?2`2
Bi rBHH ;2M2`HHv #2 mMM2+2bb`vX h?2 iQiH MmK#2` Q7 Bi2`iBQMb M/ Qp2`HH
iBK2 iF2M Bb `2+Q`/2/X
Ĝ h?2 +Q/2 +H+mHi2b i?2 b[m`2 MQ`K Q7 2+? `M/QK bTBMQ` }2H/ BM im`M
 ;Bp2M MmK#2` Q7 iBK2b- `2T2iBM; mMiBH  iBK2 i?`2b?QH/ Bb Tbb2/X h?2
MmK#2` Q7 Bi2`iBQMb bi`ib i QM2- M/ /Qm#H2b 2+? iBK2 i?2 T`Q+2bb `2T2ib-
iQ pQB/ bT2M/BM; 2t+2bbBp2 iBK2 +?2+FBM; i?2 T`Q;`2bbX
Ĝ h?2 +Q/2 T2`7Q`Kb i?2 QT2`iBQM ψ2 = ψ2+ cψ1- r?2`2 c Bb  +QKTH2t b+H`
+QMbiMi- QM bm++2bbBp2 TB`b Q7 `M/QK bTBMQ` }2H/b- `2T2iBM; BM i?2 bK2
KMM2` b #Qp2X
Ĝ h?2 +Q/2 T2`7Q`Kb  .B`+ QT2`iQ` TTHB+iBQM ψ2 = Dψ1 QM bm++2bbBp2
TB`b Q7 `M/QK bTBMQ` }2H/b- `2T2iBM; BM i?2 bK2 KMM2` b #Qp2X
Ĝ h?2 +Q/2 mb2b Bib `2bmHib M/ `272`2M+2 K2bm`2K2Mib 7`QK  "Hm2 :2M2fS iQ
+H+mHi2 i?2 6GPSfb `iBM;- M/ QmiTmi #bQHmi2 T2`7Q`KM+2 BM7Q`KiBQM
b r2HH b  `2HiBp2 +QKT`BbQM iQ  `272`2M+2 "Hm2 :2M2fS K+?BM2X
6Q` i?2 Tm`TQb2b Q7 +QKT`BM; K+?BM2bǶ T2`7Q`KM+2- i?2 .B`+ QT2`iQ` TTHB+iBQM
i2bi Bb i?2 KQbi `2p2HBM;X
h?2 bi`m+im`2 Q7 i?2 +Q/2 Bb b 7QHHQrbX AM i?2 bQm`+2 /Bbi`B#miBQM- i?2`2 Bb,
Ç  /B`2+iQ`v +QMiBMBM;  bi`BTT2/@/QrM >B_2T /Bbi`B#miBQM- rBi? i?2 //BiBQM Q7
i?2 #2M+?K`F +Q/2 M/ +QKK2Mib QM i?2 HB+2MbBM; i2`Kb-
Ç  /B`2+iQ`v +QMiBMBM; bKTH2 K+?BM2 +QM};m`iBQM }H2b-
Ç  /B`2+iQ`v +QMiBMBM; T`K2i2` b2ib 7Q` i?2 /27mHi b2i Q7 i2bib-
Ç M 2KTiv /B`2+iQ`v iQ ?QH/ QmiTmi }H2b-
RyR
eX >A_1S *P.1 L. "aJ"1L*>
Ç h?2 _1.J1 M/ GA*1La1 i2ti }H2b Ub22 TT2M/Bt "V- M/
Ç h?2 +QKTBHiBQM b+`BTiX
h?2 bmTTHB2/ i2bib rQ`F rBi?  HiiB+2 bBx2 Q7 64×323- iQ HHQr 7Q` +QKT`BbQM 7`QK
rQ`FbiiBQM@+Hbb K+?BM2b mT iQ bKHH bmT2`+QKTmi2`bX *QKT`BM; `2bmHib Q7 i2bib
i /Bz2`2Mi HiiB+2 bBx2b Bb MQi `2+QKK2M/2/- bBM+2 i?2 bbQ+Bi2/ Qp2`?2/b +?M;2X
//BiBQMHHv- i?2 KtBKmK T`HH2HBbiBQM `2+QKK2M/2/ Bb i?i ;BpBM;  HQ+H HiiB+2
Q7 8× 43c 7m`i?2` T`HH2HBbiBQM mM`2bQM#Hv BM+`2b2b i?2 Qp2`?2/bX h?Bb HBKBib i?2
biQ+F i2bib iQ 9yNe JSA T`Q+2bb2bc 2[mBpH2Mi iQ  bBM;H2 "Hm2 :2M2fS `+F BM oB`imH
LQ/2 KQ/2X h?Bb HBKBi +QmH/ #2 `2KQp2/ #v +?QQbBM;  H`;2` HiiB+2 bBx2- b Bb /QM2
Hi2` BM i?Bb b2+iBQM 7Q` i?2 2ti2M/2/ i2bib Q7 "Hm2 :2M2fZc ?Qr2p2`- i?Bb rQmH/ KF2
`mMMBM; i?2 i2bib BKT`+iB+H QM rQ`FbiiBQMbX 9yNe JSA T`Q+2bb2b Bb bm{+B2Mi b 
T`QQ7@Q7@+QM+2Ti M/  i2bi Q7 KQ/2`i2Hv@bBx2/ K+?BM2bX
eXjXj h2bib T2`7Q`K2/
h?2 +Q/2 ?b #22M mb2/ iQ bvbi2KiB+HHv i2bi  MmK#2` Q7 K+?BM2b,
Ç hrQ +Hmbi2`b `mM #v >S* qH2b- QM2 BM *`/Bz M/ QM2 BM arMb2-
Ç h?2 "Hm2A+2k +Hmbi2` BM arMb2-
Ç M A"J "Hm2 :2M2fS K+?BM2 Ur?B+? rb mb2/ b i?2 `272`2M+2 +QM};m`iBQMVc
`mMb r2`2 bTHBi #2ir22M i?2 lEZ*. K+?BM2 BM arMb2 M/  K+?BM2 QT2`i2/
#v A"J _2b2`+? BM uQ`FiQrM >2B;?ib- L2r uQ`F-
Ç M A"J "Hm2 :2M2fZ K+?BM2- HbQ i A"J _2b2`+? BM uQ`FiQrM >2B;?ib-
Ç h?2 lG:Z*. +Hmbi2` BM GBp2`TQQH- M/
Ç  J+ S`Q BM arMb2X
_2H2pMi /2iBHb Q7 i?2 K+?BM2b `2 HBbi2/ BM i#H2 eXRX
JQbi [m2m2 KM;2`b B;MQ`2 Mv +QM+m``2Mi i?`2/ bmTTQ`i Q7 i?2 *Slb- bBM+2 JSA
``2Hv ;BMb M /pMi;2 #v `mMMBM; KmHiBTH2 +QM+m``2Mi i?`2/bc KmHiBi?`2/2/ +Q/2
Kmbi #2 r`Bii2M Q` +QKTBH2/ BM iQ mb2 i?Bb #BHBivX "Hm2 :2M2fZ- ?Qr2p2`- /Q2b T`QpB/2























































































































































































































































































































































































































































































eX >A_1S *P.1 L. "aJ"1L*>
h?2 T`BK`v i2bi T2`7Q`K2/ rb `mMMBM; 2+? Q7 i?2 #2M+?K`F i2bib QM 2+?
K+?BM2 i BM+`2bBM; T`iBiBQM bBx2b- 7`QK i?2 KBMBKmK QM r?B+? i?2 i2bib rQmH/ `mM
UrBi? MQ/2 K2KQ`v #2BM; i?2 T`BK`v +QMbi`BMiV mT iQ M mTT2` HBKBi /2i2`KBM2/ #v
i?2 7+iQ`b HBbi2/ BM i#H2 eXRX HH i2bib r2`2 `mM rBi? QM2 JSA T`Q+2bb T2` T`Q+2bbQ`
+Q`2ěbQK2iBK2b `272``2/ iQ b oB`imH LQ/2 UoLV KQ/2ěbBM+2 >B_2T M/ "aJ"2M+?
`2 MQi +m``2MiHv KmHiBi?`2/2/X
hrQ Qi?2` i2bib r2`2 `mM, }`biHv-  +mbiQKBb2/ b2i Q7 i2bib rBi?  128×643 HiiB+2 QM
"Hm2 :2M2fZ iQ HHQr  `+F@7Q`@`+F +QKT`BbQM rBi?  "Hm2 :2M2fSc i?Bb rb ;BM
`mM BM oL KQ/2X 6BMHHv-  b2i Q7 i2bib r2`2 `mM QM  bBM;H2 "Hm2 :2M2fZ T`iBiBQM-
p`vBM; i?2 MmK#2` Q7 JSA T`Q+2bb2b T2` MQ/2 7`QK R iQ e9- iQ i2bi i?2 T2`7Q`KM+2
Q7 i?2 KmHiBTH2 ?`/r`2 i?`2/b Q7 i?2 "Hm2 :2M2fZ T`Q+2bbQ`X
eXjX9 _2bmHib
h?2 THQib `2 /BpB/2/ BMiQ ;`QmTb #v K+?BM2 +Hbb iQ pQB/ Qp2`+`Qr/BM; i?2KX h?2
T`BK`v #ii2`v Q7 i2bib- b?QrM BM };m`2b eXRĜeX3 b?Qrb  `Qm;?Hv HBM2` `2HiBQMb?BT
#2ir22M 6GPSfb T2`7Q`KM+2 M/ MmK#2` Q7 JSA T`Q+2bb2b UBX2X T`Q+2bbQ` +Q`2b BM
mb2V BM HH +b2bX HH K+?BM2b b?Qr  bHQr /`QT BM T2`7Q`KM+2 T2` MQ/2 b i?2 MmK#2`
Q7 MQ/2b Bb BM+`2b2/- bbQ+Bi2/ rBi? i?2 BM+`2b2/ Qp2`?2/bX h?2 lG:Z*. +Hmbi2`
b?Qrb  `TB/ iBH@Qz BM T2`7Q`KM+2 QM+2 i?2 T`HH2HBbiBQM 2t+22/b i?2 bBx2 Q7 QM2
MQ/2c 7Q` i?2 H`;2bi bBx2 i2bi2/ MQi QMHv /Q2b i?2 T2`@+Q`2 T2`7Q`KM+2 /`QT- #mi i?2
Qp2`HH T2`7Q`KM+2 Q7 i?2 T`iBiBQM /`QTbX
h?2 `+F@7Q`@`+F +QKT`BbQM- b?QrM BM };m`2 eXN b?Qrb i?i 7Q` H`;2` HiiB+2b
"Hm2 :2M2fZ +QMiBMm2b iQ b+H2 b r2 2tT2+iX h?2 +QKT`BbQM Q7 /Bz2`2Mi T`Q+2bbQ`
bm#/BpBbBQMb- b?QrM BM };m`2 eXRy b?Qrb HBM2` b+HBM; mT iQ R T`Q+2bb T2` +Q`2X q?2M
7m`i?2` bm#/BpB/BM; i?2 +Q`2b- i?2 T2`7Q`KM+2 THi2mb- b?QrBM; HBiiH2 iQ MQ ;BM iQ
mbBM; KQ`2 i?M QM2 i?`2/ T2` +Q`2X
eXjX8 .Bb+mbbBQM
Ai Bb rQ`i? /`rBM; ii2MiBQM iQ bQK2 72im`2b Q7 i?2 /i i?i `2 T`iB+mH`Hv BM@
i2`2biBM;X 6Q` i?Bb /Bb+mbbBQM A rBHH +QM+2Mi`i2 QM i?2 .T?B i2bi- bBM+2 Bi Bb KQbi
`2T`2b2MiiBp2 Q7 ǳ`2H@rQ`H/Ǵ T2`7Q`KM+2X
6Q` i?2 "Hm2 :2M2fS- mM2tT2+i2/ mTiB+Fb BM T2`7Q`KM+2 r2`2 b22M i 8Rk M/ 9yNe






































6B;m`2 eXR, _2bmHib Q7 i?2 bTBMQ` }2H/ b[m`2 MQ`K i2bi THQii2/ 7Q` i?2 r?QH2 2Mb2K#H2X
Ry8










UV >S* qH2b M/ "Hm2A+2k
108
109
























































6B;m`2 eXj, _2bmHib Q7 i?2 bTBMQ` }2H/ KmHiBTHv@//- THQii2/ 7Q` i?2 r?QH2 2Mb2K#H2X
avK#QHb b QM T;2 Ry8X
Ryd










UV >S* qH2b M/ "Hm2A+2k
108
109

















6B;m`2 eX9, _2bmHib Q7 i?2 bTBMQ` }2H/ KmHiBTHv@//- THQiiBM; i?2 p2`;2 T2`7Q`KM+2






































6B;m`2 eX8, _2bmHib Q7 i?2 .B`+ QT2`iQ` TTHB+iBQM i2bi- THQii2/ 7Q` i?2 r?QH2 2Mb2K#H2X
avK#QHb b QM T;2 Ry8X
RyN
































6B;m`2 eXe, _2bmHib Q7 i?2 .B`+ QT2`iQ` TTHB+iBQM i2bi- THQiiBM; i?2 p2`;2 T2`7Q`@





































6B;m`2 eXd, hQiH +QK#BM2/ `2bmHib Q7 HH i?`22 i2bib- THQii2/ 7Q` i?2 r?QH2 2Mb2K#H2X
avK#QHb b QM T;2 Ry8X
RRR










UV >S* qH2b M/ "Hm2A+2k
108
109

















6B;m`2 eX3, hQiH +QK#BM2/ `2bmHib Q7 HH i?`22 i2bib- THQiiBM; i?2 p2`;2 T2`7Q`KM+2













6B;m`2 eXN, _+F@7Q`@`+F +QKT`BbQM #2ir22M "Hm2 :2M2fS M/ "Hm2 :2M2fZ T2`7Q`@
KM+2- mbBM;  H`;2` HiiB+2 bBx2 BM i?2 +b2 Q7 i?2 "Hm2 :2M2fZ iQ HHQr mb2 Q7  7mHH `+FX









Number of MPI processes per CPU
6B;m`2 eXRy, S2`7Q`KM+2 +QKT`BbQM Q7  bBM;H2 "Hm2 :2M2fZ T`iBiBQM i p`BQmb bm#@
/BpBbBQMbc 7`QK QM2 T`Q+2bb T2` *Sl i?`Qm;? iQ e9 T`Q+2bb2b T2` *Sl U7Qm` T2` +Q`2VX
avK#QHb b QM T;2 Ry8X
RRj
eX >A_1S *P.1 L. "aJ"1L*>
:2M2fZX h?Bb Bb KQbi HBF2Hv /m2 iQ i?2 HiiB+2 ;2QK2i`v HB;MBM; 7Q`imBiQmbHv rBi? i?2
j. iQ`mb M2irQ`FěBi rQmH/ MQi #2 b22M QM "Hm2 :2M2fZ /m2 iQ i?2 /Bz2`2Mi M2irQ`F
iQTQHQ;v M/ +Q`2 /2MbBivX LQ imMBM; Q7 i?2 T`Q+2bb KTTBM; rb T2`7Q`K2/ 7Q` i?2
i2bibc i?2 /27mHi HB;MK2Mib r2`2 mb2/X JQ`2 +`27mH +?QB+2 Q7 i?2 HB;MK2Mib Kv #2
#H2 iQ ;Bp2  bBKBH` UQ` #2ii2`V bT22/mT iQ Qi?2` T`iBiBQM bBx2b- M/ Bi Bb HBF2Hv i?i
 p2M/Q` HQQFBM; iQ b?Qr+b2 i?2B` `2bmHib rBi? i?Bb #2M+?K`F rQmH/ b22F iQ /Q i?BbX
h?2 i?`2/BM; `2bmHib QM "Hm2 :2M2fZ `2 MQi mM2tT2+i2/X aBM+2 >B_2T M/
"aJ"2M+? `2 bBM;H2@i?`2/2/- bm#/BpB/BM; i?2 T`Q+2bbQ`b #v +Q`2 Bb 2[mBpH2Mi iQ
//BM; KQ`2 +Q`2b iQ i?2 T`Q#H2KX  bB;MB}+Mi bT22/mT 7`QK KmHiBi?`2/BM; Bb MQi
2tT2+i2/, bBM+2 KmHiBi?`2/BM; QMHv HHQrb 2{+B2Mi +QMi2ti brBi+?BM; #2ir22M i?`2/b
`i?2` i?M T`HH2H 2t2+miBQM Ur?B+? Bb r?i KmHiBTH2 +Q`2b +?B2p2V-  H`;2 ;BM rQmH/
QMHv #2 TQbbB#H2 B7 i?2 +Q/2 bT2Mi Km+? Q7 Bib iBK2 B/H2- r?B+? Bb MQi ;2M2`HHv i?2 +b2X
 bKHH ;BM +M #2 7QmM/ BM  +QKTmi2@BMi2MbBp2 i?2Q`v #v ?pBM; irQ T`Q+2bb2b `i?2`
i?M QM2 T2` +Q`2c bBM+2 i?Bb ;BM Bb 2z2+iBp2Hv ǳ7`22Ǵ i?2`2 Bb MQ `2bQM MQi iQ mb2 Bi-
mMH2bb i?2 `2bmHiBM; HQ+H HiiB+2 Bb iQQ bKHHěBM r?B+? +b2 i?2 2ti` Qp2`?2/b rBHH
Qmir2B;? i?2 ;BMběQ` i?2`2 `2 MQ KQ`2 /B`2+iBQMb pBH#H2 iQ T`HH2HBb2X
h?2 J+ S`Q bvbi2K i Re M/ k9 T`Q+2bb2b Bb HbQ KmHiBi?`2/BM;c MQiB+2 i?i i?2
T2`7Q`KM+2 i Re T`Q+2bb2b /`QTb iQ TT`QtBKi2Hv i?i Q7 3 T`Q+2bb2bX h?Bb Q++m`b 7Q`
irQ `2bQMb, }`biHv- i?2 i?`2/b `2 HQ+HBb2/ iQ  bBM;H2 +Q`2c i?2v +MMQi ~Qi #2ir22M
i?2 +Q`2b M/ mb2 r?i2p2` bH+F +QKTmi2 +T+Biv i?2`2 BbX a2+QM/Hv- i?2 +Q/2 ?b
`2HiBp2Hv 7`2[m2Mi #``B2`b iQ HHQr +QKKmMB+iBQM #2ir22M i?2 T`Q+2bb2bX h?2b2 irQ
7+iQ`b ?p2 i?2 2z2+i Q7 7Q`+BM; i?2 +Q/2 iQ QT2`i2 BM HQ+F@bi2T QM HH +Q`2b- BM+Hm/BM;
i?Qb2 rBi? QMHv QM2 ibF HHQ+i2/- KFBM; i?2 T`Q;`K `mM b bHQrHv b B7 HH +Q`2b
?/ irQ i?`2/b `mMMBM;X aBM+2 i?2 +Q/2 ?b HBiiH2 B/H2 iBK2 U2p2M H2bb i?M QM i?2 "Hm2
:2M2- bBM+2 ?2`2 i?2`2 `2 MQ BMi2`+QMM2+i /2Hvb i HHV- MQ T2`7Q`KM+2 ;BMb Qp2` Rk
T`Q+2bb2b `2 b22M i k9 T`Q+2bb2bX hQ i2bi i?2 HQ+F@bi2T i?2Q`v- +QKKb M/ #HM+2
i2bibR r2`2 T2`7Q`K2/ rBi? irQ 3@ M/ Rk@T`Q+2bb `mMb BM T`HH2H rBi? 2+? Qi?2` U7Q`
 iQiH Q7 Re M/ k9 T`Q+2bb2bV- M/ i?2B` 6GPS +QmMib //2/X h?Bb b?Qr2/  bHB;?i
2M?M+2K2Mi Qp2` i?2 bBM;H2@`mM `2bmHib- bm;;2biBM; i?i i?2 `2[mB`2K2Mi iQ bvM+?`QMBb2
#2ir22M T`Q+2bb2b /Q2b BM/22/ `2/m+2 i?2 TQi2MiBH ;BMb 7`QK KmHiBi?`2/BM;X




h?2 >S* qH2b K+?BM2b- BM T`iB+mH` i?2 aM/v "`B/;2 bvbi2K- b?Qr M BM+`2b@
BM; b2T`iBQM #2ir22M i?2 i?`22 i2bib b i?2 MmK#2` Q7 T`Q+2bb2b Bb BM+`2b2/X h?Bb
MB+2Hv BHHmbi`i2b i?2 bb2`iBQM K/2 2`HB2` i?i i?2 i2bib /Bz2` BM i?2B` +QKKmMB+iBQMb
p2`bmb +QKTmi2 /2KM/b, i?2 bTHBiiBM; #2;BMb QM+2 i?2 T`Q+2bb2b MQ HQM;2` }i QM i?2
MQ/2- bQ Kmbi #2;BM iQ mb2 i?2 BMi2`+QMM2+ib- M/ BM+`2b2 b i?2 BMi2`+QMM2+ib `2
`2HB2/ mTQM KQ`2X h?2 bHQr/QrM Bb H2bi b2p2`2 7Q` i?2 +QKTmi2- M/ KQbi b2p2`2 7Q`
i?2 +QKKb i2bi- b r2 2tT2+iX h?Bb Bb MQi Q#b2`p2/ QM i?2 "Hm2 :2M2 K+?BM2b- r?Qb2
`+?Bi2+im`2 Bb /2bB;M2/ 7`QK i?2 ;`QmM/ mT iQ #2 KbbBp2Hv T`HH2H- ?2M+2 i?2B` /@
pM+2/ M2irQ`F iQTQHQ;v M/ p2`v ?B;?@bT22/ BMi2`+QMM2+ibX AM i?2 +b2 Q7 lG:Z*.-
i?2 BMi2`+QMM2+ib `2 iQQ bHQr iQ KF2 M BM7Q`K2/ Dm/;2K2Mic ?Qr2p2`- i?2 2tT2+i2/
/`QT@Qz BM T2`7Q`KM+2 Bb b22M QM+2 i?2 MQ/2 bBx2 Bb 2t+22/2/X
h?2 "Hm2A+2k bvbi2K Bb p2`v bBKBH` iQ i?2 >S* qH2b q2biK2`2 bvbi2K BM Bib
KF2mTc i?2B` T2`7Q`KM+2 `2bmHib `2 mMbm`T`BbBM;Hv HbQ +HQb2 iQ 2+? Qi?2`X h?2
T2`7Q`KM+2 Q7 "Hm2A+2k BM i?2 BMi2`K2/B`v `2;BK2 U#2ir22M Re +Q`2b r?2`2 i?2 DQ#
MQ HQM;2` }ib QM  bBM;H2 MQ/2- mT iQ k8e +Q`2bV bBib #Qp2 i?2 T2`7Q`KM+2 Q7 i?2 >S*
qH2b K+?BM2ěi?Bb TT2`b bQK2r?i bm`T`BbBM;- bBM+2 Bib T`Q+2bbQ`b `2 bHB;?iHv
bHQr2`X AM 7+i i?Bb 2M?M+2K2Mi Bb /m2 iQ i?2 DQ#Ƕb T`HH2HBbiBQM, QM "Hm2A+2k Bi rb
TQbbB#H2 iQ T`HH2HBb2 rBi? 3 +Q`2b T2` MQ/2- M/NT`Q+/8 = 2n MQ/2b- r?2`2b HHQ+iBM;
 ;Bp2M MmK#2` Q7 +Q`2b QM >S* qH2b ;2M2`HHv `2im`Mb i?2 +Q`2b QM i?2 KBMBKmK
MmK#2` Q7 MQ/2bX aBM+2 i?2 HiiB+2 Bb T`HH2HBb2/ BM /BpBbBQMb Q7 k- F22TBM; i?2 TQr2`b
Q7 k BM i?2 T`HH2HBbiBQM BKT`Qp2b i?2 +QKKmMB+iBQMb T2`7Q`KM+2 bB;MB}+MiHvc i?Bb
Bb MQi#H2 BM i?i i?2 +QKKb i2bi Bb i?2 QM2 ;BMBM; i?2 H`;2bi T2`7Q`KM+2 #QQbi
QM "Hm2A+2kX *QM}`KBM; i?Bb 2tTHMiBQM Bb i?2 /QrMiB+F BM T2`7Q`KM+2 UiQ bHB;?iHv
#2HQr >S* qH2bV i 8Rk +Q`2b, bBM+2 "Hm2A+2k QMHv ?b 8y MQ/2b- i?2 M2i TQr2`@Q7@
irQ T`HH2HBbiBQM Bb MQ HQM;2` TQbbB#H2 i i?2 ?B;?2bi MmK#2` Q7 +Q`2b- K2MBM; i?2
+QKKmMB+iBQMb bT22/ 2M?M+2K2Mi Bb HQbiX
SQi2MiBH 2ti2MbBQMb iQ i?Bb T`QD2+i rQmH/ #2 iQ BKTH2K2Mi  bBx2@BM/2T2M/2Mi i2bi-
r?2`2 i?2 HiiB+2 bBx2 Bb +?Qb2M #b2/ QM i?2 K+?BM2 bBx2X aBM+2 i?2 iQiH MmK#2` Q7
6GPSb Bb T`QTQ`iBQMH iQ i?2 HiiB+2 pQHmK2-  `272`2M+2 };m`2 +QmH/ #2 ;Bp2M 7Q` 
#b2 44 HiiB+2- M/ KmHiBTHB2/ mT iQ i?2 K+?BM2 bBx2X _2bmHib +QKT`2/ iQ i?2 +m``2Mi
p2`bBQM rQmH/ #2 TT`QtBKi2Hv +QKT`#H2X Ai rQmH/ #2 #2M2}+BH iQ }M/  bKHH
b2i Q7 Q#b2`p#H2b i?i rQmH/ HHQr 7mHH +?`+i2`BbiBQM Q7  K+?BM2Ƕb T2`7Q`KM+2-
iQ 2M#H2 `MFBM; Q7 K+?BM2b b BM i?2 hPS8yy `MFBM; UbBM+2 +QKT`BbQM Q7 ;`T?b-
RR8
eX >A_1S *P.1 L. "aJ"1L*>
r?BH2 2MHB;?i2MBM;- Bb iBK2@+QMbmKBM;VX 6BM/BM; Qmi r?i +Hbb2b Q7 >S* mb2 `2 +?`@
+i2`Bb2/ #v r?B+? i2bi rQmH/ HbQ 2tTM/ i?2 #2M+?K`FǶb miBHBivX 6BMHHv- KMv
#2M+?K`Fb MQr +QK2 rBi? i?2 #BHBiv iQ MHviB+HHv 2biBKi2 i?2 T2`7Q`KM+2 QM 
;Bp2M K+?BM2 7`QK i?2 K+?BM2Ƕb /2bB;M +?`+i2`BbiB+bc bm+?  KQ/2H 7Q` "aJ"2M+?
rQmH/ #2  TQr2`7mH iQQH 7Q` /2bB;MBM; M2r bvbi2Kb- BM T`iB+mH` QM+2 Qi?2` +Q/2bǶ




AM i?2 rQ`F T`2b2Mi2/ BM i?Bb i?2bBb- r2 ?p2 2tTHQ`2/  MmK#2` Q7 bT2+ib Q7 bi`QM;
/vMKB+b #2vQM/ i?2 aiM/`/ JQ/2HX *?Ti2` 9 T`2b2Mi2/ i?2 }`bi HiiB+2 bim/v Q7 i?2
al(2)/DL7R i?2Q`vX 7i2`  /2b+`BTiBQM Q7 ?Qr i?2 i?2Q`v +M #2 pB2r2/ b  i?2Q`v
Q7 irQ JDQ`M 72`KBQMb- r2 Q#b2`p2/ i?2 bT2+i`Qb+QTv Q7 i?2 i?2Q`v UHQQFBM; i i?2
Tb2m/Qb+H`- b+H`- p2+iQ`- M/ tBH p2+iQ` K2bQMb- i?2 bTBM@12 bii2- M/ i?2 0++
;Hm2#HHV- Bib bi`BM; i2MbBQM 7`QK #Qi? qBHbQM M/ SQHvFQp HQQTb- M/ i?2 MQKHQmb
/BK2MbBQM Q7 i?2 72`KBQMB+ +QM/2Mbi2 7`QK i?2 .B`+ KQ/2 MmK#2`X
h?2 bT2+i`Qb+QTv ?/ BMi2`2biBM; #2?pBQm`, r?2M MQ`KHBb2/ #v i?2 b[m`2 `QQi Q7
i?2 bi`BM; i2MbBQM- HH bT2+i`H Q#b2`p#H2b bim/B2/ UBM+Hm/BM; i?2 Tb2m/Qb+H`- b+H`-
p2+iQ`- M/ tBH p2+iQ` K2bQMb- i?2 bTBM@12 bii2- M/ i?2 0++ ;Hm2#HHV r2`2 TT`Qt@
BKi2Hv +QMbiMi BM i?2B` Kbb2b i?`Qm;?Qmi i?2 Q#b2`p2/ `2;BQMb- Hi?Qm;? i?2 MQM@
K2bQMB+ bii2b b?Qr2/ bHB;?i BM+QMbBbi2M+v rBi? i?2 +QMbiMi pHm2 i ?B;?2` 72`KBQM
KbbX h?2b2 `2bmHib `2 BM+QMbBbi2Mi rBi? i`/BiBQMH Z*.@HBF2 +QM}MBM; #2?pBQm`-
BM/B+iBM;  i?2Q`v rBi?BM Q` +HQb2 iQ i?2 +QM7Q`KH rBM/Qrc  /2bB`#H2 T`QT2`iv 7Q`
 +M/B/i2 qHFBM; h2+?MB+QHQ` KQ/2HX h?2 MQKHQmb /BK2MbBQM rb 7QmM/ iQ #2
H`;2- 0.9 ! γ∗ ! 0.95- MQi?2` BKTQ`iMi 72im`2 Q7  qHFBM; h2+?MB+QHQ` +M/B/i2X
AM +?Ti2` 8 r2 ;p2  HQQF iQ i?2 iQTQHQ;v Q7 irQ i?2Q`B2b- al(2)/DL7R M/
JBMBKH qHFBM; h2+?MB+QHQ`- #Qi? al(2) i?2Q`B2b rBi? QM2 M/ irQ /DQBMi .B`+
~pQm`b `2bT2+iBp2HvX h?2 iQTQHQ;B+H bmb+2TiB#BHBiv M/ BMbiMiQM bBx2 /Bbi`B#miBQM
r2`2 +H+mHi2/- M/ +QKT`2/ iQ i?Qb2 Q7 Tm`2 ;m;2 al(2)c i?2 `2bmHib r2`2 7QmM/ iQ
#2 +QMbBbi2Mi #2ir22M i?2 i?`22 +b2bX h?Bb ;BM Bb BM/B+iBp2 Q7 i?2 72`KBQM /2;`22b
Q7 7`22/QK #2+QKBM; /vMKB+HHv [m2M+?2/- `2{`KBM; i?2 +QM+HmbBQM Q7 +?Ti2` 9
RRd
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UM/ BM i?2 +b2 Q7 JBMBKH qHFBM; h2+?MB+QHQ`- 2`HB2` bim/B2bV i?i i?2 i?2Q`v Bb
UM2`@V+QM7Q`KHX
AM +?Ti2` e A T`2b2Mi2/ i?2 "aJ"2M+? #2M+?K`FBM; iQQH- /2p2HQT2/ 7`QK i?2
>B_2T +Q/2 Ur?B+? rb mb2/ 7Q` HH i?2 bBKmHiBQMb /2b+`B#2/ BM i?2 T`2+2/BM; +?Ti2`bVX
h?Bb iQQH Kv #2 mb2/ iQ BM~m2M+2 K+?BM2 T`Q+m`2K2Mi /2+BbBQMb 7Q` "aJ T?vbB+b-
M/ HbQ ?b TTHB+iBQMb QmibB/2 T?vbB+b- bBM+2 Bib mMB[m2 #BHBiv iQ /Dmbi i?2 `iBQ Q7
+QKKmMB+iBQMb iQ +QKTmi2 /2KM/b HHQrb Bi ~2tB#BHBiv iQ 2KmHi2 i?2 /2KM/ `iBQb
Q7 Qi?2` TTHB+iBQMběbQK2i?BM; r?B+? Bb MQi TQbbB#H2 BM KQbi #2M+?K`FbX  MmK#2`
Q7 K+?BM2bǶ T2`7Q`KM+2 r2`2 +QKT`2/X
h?2`2 `2 KMv 2t+BiBM; p2Mm2b 7Q` 7mim`2 rQ`F /2p2HQTBM; 7`QK i?Bb T`QD2+iX 6Q`
i?2 al(2)/DL7R i?2Q`v- Bi rQmH/ #2 #2M2}+BH iQ 2ti2M/ i?2 bim/v iQ HQr2` 72`KBQM
Kbb Ui?`Qm;? H`;2` HiiB+2bV- M/ HbQ iQ ?B;?2` β UiQ BMp2biB;i2 #Qi? i?2 +QMiBMmmK
M/ +?B`H HBKBibVX Ai rQmH/ HbQ #2 BMi2`2biBM; iQ 2ti`+i i?2 bii2b i?i r2`2 B;MQ`2/ BM
i?Bb bim/v- M/ iQ HQQF i i?2 `mMMBM; Q7 i?2 +QmTHBM;X i H`;2` HiiB+2 bBx2 Bi Kv HbQ
#2 TQbbB#H2 iQ 2ti`+i i?2 MQKHQmb /BK2MbBQM 7`QK iQTQHQ;B+H Q#b2`p#H2b- r?B+?
rQmH/ ;Bp2 M BM/2T2M/2Mi 2biBKi2 iQ +QKT`2 rBi? i?i 7QmM/ 7`QK i?2 .B`+ KQ/2
MmK#2`X 1tTHQ`BM; Qi?2` i?2Q`B2b rBi? i?2b2 K2i?Q/b rQmH/ HbQ #2 BMi2`2biBM;X 6Q`
2tKTH2- bBM+2 al(2)/DL7R ?b iQQ 72r :QH/biQM2 bii2b iQ #2  pB#H2 h2+?MB+QHQ`
+M/B/i2- #mi ?b  ?B;? MQKHQmb /BK2MbBQM M/ Bb BM Q` M2` i?2 +QM7Q`KH rBM/Qr-
M/ JBMBKH qHFBM; h2+?MB+QHQ` ?b KQ`2 :QH/biQM2 bii2b i?M Bb M2+2bb`v M/ 
HQr2` MQKHQmb /BK2MbBQM i?M rQmH/ #2 /2bB`#H2 7Q`  h2+?MB+QHQ` +M/B/i2 i?2Q`v-
Bi rQmH/ #2 2t+BiBM; iQ HQQF i i?2 i?2Q`v rBi? i?`22 JDQ`M ~pQm`b UHvBM; /B`2+iHv
#2ir22M i?2 irQ JDQ`M ~pQm`b Q7 al(2)/DL7R M/ i?2 7Qm` Q7 JBMBKH qHFBM;
h2+?MB+QHQ`VX
h?2 #2M+?K`F Bb HbQ `BT2 7Q` BKT`Qp2K2MiX Ai Bb +m``2MiHv HBKBi2/ BM i?2 KtB@
KmK K+?BM2 bBx2 Bi +M i2bi- bBM+2 Bi mb2b  bBM;H2 HiiB+2 bBx2X h?Bb `2bi`B+iBQM +QmH/
#2 HB7i2/ #v BMbi2/ +?QQbBM;  bBM;H2 HQ+H HiiB+2 bBx2ěKmHiBTHvBM; #v i?2 MmK#2`
Q7 T`Q+2bb2b iQ Q#iBM i?2 iQiH HiiB+2 bBx2X .2p2HQTBM; M MHviB+H KQ/2H Q7 i?2
#2M+?K`FǶb T2`7Q`KM+2 rQmH/ HHQr Bi iQ ?p2 BM~m2M+2 BMiQ K+?BM2 /2bB;M /2+B@
bBQMb `i?2` i?M Dmbi Tm`+?bBM; QM2bX A7 Bi r2`2 TQbbB#H2 iQ /BbiBHH  bBM;H2 MmK#2`
7Q`  K+?BM2Ƕb T2`7Q`KM+2 BM  ;Bp2M i2bi `i?2` i?M QM2 T2` T`iBiBQM bBx2- +QK@
T`BbQM #2ir22M K+?BM2b rQmH/ #2 2bB2` M/ `MFBM; Ub Bb /QM2 BM i?2 hPS8yy M/
:`T?8yy #2M+?K`FbV rQmH/ #2 TQbbB#H2X 6BMHHv- bim/vBM; r?B+? Qi?2` MmK2`B+H
RR3
T`Q#H2Kb ?p2 bBKBH` /2KM/b iQ i?2 i2bib pBH#H2 BM i?2 #2M+?K`F rQmH/ HHQr







 MmK#2` Q7 pBbmHBbiBQMb r2`2 +``B2/ Qmi QM i?2 iQTQHQ;B+H +?`;2 /Bbi`B#miBQM Q7 
bBM;H2 64× 323 HiiB+2 +QM};m`iBQM Q7 al(2)/DL7R i β = 2.05,m = −1.51- mbBM; i?2
oBbAi pBbmHBbiBQM iQQH (Rd9- Rd8)X SQbBiBp2 M/ M2;iBp2 iQTQHQ;B+H +?`;2 `2 b?QrM
BM Q`M;2 M/ #Hm2 `2bT2+iBp2HvX
AM };m`2 XR  bBM;H2 iBK2bHB+2 Bb b?QrM #Qi? #27Q`2 +QQHBM; M/ 7i2` ky +QQHbX "Qi?
+b2b `2 MQ`KHBb2/ #v i?2 KtBK BM i?2 /Bbi`B#miBQMc BM bTBi2 Q7 i?Bb- i?2 ;m;2 MQBb2
Bb +H2`Hv /QKBMiBM; BM i?2 mM+QQH2/ +b2X AM i?2 +QQH2/ +b2- i?2 BM/BpB/mH BMbiMiQMb
+M #2 b22M 2bBHvX 6B;m`2 Xk b?Qrb MQi?2` iBK2bHB+2- i?Bb iBK2 b?QrBM; 2+? +QQHBM;
bi2T BM //BiBQM iQ i?2 mM+QQH2/ +b2X 6B;m`2 Xj //b BM i?2 iBK2 /BK2MbBQM, 2+? +m#2
Bb biBHH  j@/BK2MbBQMH iBK2 bHB+2- M/ i?2 iBK2 /BK2MbBQM `mMb `QmM/ i?2 `BM;X JQpBM;
/QrM i?2 +QHmKMb ;Bp2b i?2 bm++2bbBp2Hv +QQH2/ p2`bBQMb Q7 i?2 bK2 iBK2 bHB+2- mT iQ
ky +QQHbX h?2 `2KQpH Q7 i?2 MQBb2 Bb biBHH +H2`Hv pBbB#H2- M/ i?2 THi2m K2MiBQM2/ BM
+?Ti2` 8 #2ir22M Ry M/ ky +QQHb i?i HHQrb `2HiBp2 ~2tB#BHBiv BM i?2 +?QB+2 Q7 +QQHBM;
+M #2 Q#b2`p2/ BM i?2 HQr2` ?H7 Q7 i?2 BK;2X h?Bb BK;2 rb bm#KBii2/ iQ arMb2
lMBp2`bBivǶb _2b2`+? b `i M/ i?2 _QvH aQ+B2ivǶb SB+im`BM; a+B2M+2 2p2Mib- M/ rb
b2H2+i2/ b i?2 rBMM2` Q7 i?2 SQbi;`/mi2 r`/ i i?2 7Q`K2`X
RkR
X oAalGAahAPLa P6 hPSPGP:A*G *>_:1 .Aah_A"lhAPLa
UV "27Q`2 +QQHBM;X U#V 7i2` ky +QQHbX
6B;m`2 XR, h?2 iQTQHQ;B+H +?`;2 /Bbi`B#miBQM Q7  bBM;H2 iBK2bHB+2- #27Q`2 M/ 7i2`
+QQHBM;X _2M/2`BM; rb T2`7Q`K2/ mbBM;  J+ S`Q K+?BM2 BM arMb2 lMBp2`bBiv b
i?2 7`QMi2M/- M/ i?2 "Hm2A+2k +Hmbi2` BM arMb2 lMBp2`bBiv b i?2 #+F2M/- mbBM; 93y
+QKTmi2 +Q`2b +`Qbb 9y MQ/2bX
6B;m`2 Xk, h?2 iQTQHQ;B+H +?`;2 /Bbi`B#miBQM Q7  bBM;H2 iBK2bHB+2X JQpBM; MiB+HQ+F@
rBb2 `QmM/ i?2 `BM; iF2b mb 7`QK i?2 mM+QQH2/ +b2 iQ Ry +QQHbX _2M/2`BM; rb T2`7Q`K2/
mbBM; i?2 J+ S`Q mb2/ BM };m`2 XR b #Qi? 7`QMi M/ #+F2M/X
Rkk
6B;m`2 Xj, h?2 iQTQHQ;B+H +?`;2 /Bbi`B#miBQM Q7 HH e9 iBK2bHB+2b Q7 i?2 +QM};m`iBQMX
JQpBM; `QmM/ i?2 `BM; iF2b mb `QmM/ i?2 iBK2 /BK2MbBQM- r?BH2 KQpBM; /QrM i?2
+QHmKMb iF2b mb 7`QK i?2 mM+QQH2/ bii2 iQ ky +QQHbX h?Bb ;Bp2b  iQiH Q7 Rj99 +m#2bX
_2M/2`BM; rb T2`7Q`K2/ mbBM; i?2 K+?BM2 +QK#BMiBQM mb2/ 7Q` };m`2 XRX
Rkj
X oAalGAahAPLa P6 hPSPGP:A*G *>_:1 .Aah_A"lhAPLa
Rk9
TT2M/Bt "


















"X _1.J1 L. GA*1La1 6AG1a 6P_ "aJ"1L*>
RXR J+?BM2 +QM7B;m`iBQM 7BH2
@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
h?Bb 7BH2 bT2+B7B2b vQm` * +QKTBH2` M/ Bib 7H;bX h?2 bvMit Bb
** 4 (* +QKTBH2`)
*6G:a 4 (7H;b)
aQK2 2tKTH2b `2 ;Bp2M BM i?2 K+?BM2@+QM7B; /B`2+iQ`vX h?2 7BH2b ":SX+7;
M/ ":S@RX+7; +QMiBM i?2 T`K2i2`b mb2/ 7Q` i?2 "Hm2 :2M2fS T2`7Q`KM+2
+QKT`BbQM /i- r?B+? ?p2 #22M Q#iBM2/ `mMMBM; i?2 +Q/2 rBi? i?2
2MpB`QMK2Mi p`B#H2 .*J6nALh1__lSh b2i iQ RX
RXk *QKTBHiBQM b+`BTi
@@@@@@@@@@@@@@@@@@@@@@
"v /27mHi- i?2 +QKTBHiBQM b+`BTi +QKTBH2b QMHv JSA p2`bBQMb Q7 i?2
#2M+?K`FX AM i?Bb +b2 Bi iF2b  bBM;H2 T`K2i2`, i?2 K+?BM2
+QM7B;m`iBQM 7BH2X 6Q` 2tKTH2
XfKF2Xb? K+?BM2@+QM7B;f;2M2`B+X+7;
rBHH +QKTBH2  p2`bBQM bmBi#H2 7Q`  ;2M2`B+ +Hmbi2`X
A7  b2+QM/ T`K2i2` Bb BM+Hm/2/- Bi Bb mb2/ b i?2 K+?BM2 +QM7B;m`iBQM
7BH2 7Q`  MQM@JSA p2`bBQMX AM i?Bb +b2- irQ b2ib Q7 2t2+mi#H2b `2
;2M2`i2/- QM2 2M/BM; BM nR+TmX 6Q` 2tKTH2
XfKF2Xb? K+?BM2@+QM7B;f":SX+7; K+?BM2@+QM7B;f":S@RX+7;
rBHH ;2M2`i2 JSA M/ MQM@JSA 7BH2b 7Q`  "Hm2 :2M2fS K+?BM2X
hQ pQB/ ;2M2`iBM; i?2 JSA p2`bBQMb- b2i i?2 LPnJSA 2MpB`QMK2MiH p`B#H2





rBHH ;2M2`i2 MQM@JSA 2t2+mi#H2b QMHv 7Q`  K+?BM2 `mMMBM; J+ Pa sX
h?`22 7BH2b `2 ;2M2`i2/ BM 2+? b2i,
@ #bK#2M+?n+QKKb(nR+Tm), _mMb i?2 +QKKmMB+iBQMb i2bi
@ #bK#2M+?n#HM+2(nR+Tm), _mMb i?2 #HM+2/ i2bi
@ #bK#2M+?n+QKTmi2(nR+Tm), _mMb i?2 +QKTmi2 i2bi
kX _mMMBM; "aJ"2M+?
4444444444444444444
"27Q`2 `mMMBM;  i2bi rBi? "aJ"2M+?- vQm Kmbi FMQr,
@ r?B+? i2bi vQm rMi iQ `mM U+QKKb- #HM+2- Q` +QKTmi2V
@ ?Qr KMv T`Q+2bb2b vQm rMi iQ mb2
"aJ"2M+? Bb bBM;H2@i?`2/2/- bQ B/2HHv i?2 MmK#2` Q7 T`Q+2bb2b b?QmH/
#2 2[mH iQ i?2 MmK#2` Q7 +Q`2b U7Q` 2tKTH2- oB`imH LQ/2 KQ/2 QM "Hm2
:2M2fSV- Q` TQi2MiBHHv KQ`2 B7 i?2 K+?BM2 ?b KmHiBi?`2/BM; +Q`2bX
h?2 ;2M2`H bvMit 7Q` `mMMBM; "aJ"2M+? Bb i?2M,
Xf#bK#2M+?n(i2bi)&nR+Tm' @B (BMTmin7BH2) @Q (QmiTmi 7BH2)
AMTmi 7BH2b `2 HQ+i2/ BM i?2 b2ib /B`2+iQ`vX h?2v `2 MK2/
bvbi2KiB+HHv b (i2bi)@(MmK#2`@Q7@T`Q+2bb2b)X#bK#2M+?X h?2 QmiTmi
/B`2+iQ`v Bb T`QpB/2/ 7Q` +QMp2MB2M+2 b  HQ+iBQM iQ Tmi QmiTmi 7BH2bX
6Q` 2tKTH2- iQ `mM i?2 #HM+2 i2bi QM  bBM;H2 +Q`2- i?2 bvMit +QmH/ #2
Xf#bK#2M+?n#HM+2nR+Tm @B b2ibf#HM+2@RX#bK#2M+? @Q QmiTmif#H@RXQmi
hQ `mM i?2 i2bib BM T`HH2H- KTB`mM Kmbi #2 mb2/X 6Q` 2tKTH2- iQ `mM i?2
+QKTmi2 i2bi QM e9 +Q`2b- i?2 bvMit +QmH/ #2
Rkd
"X _1.J1 L. GA*1La1 6AG1a 6P_ "aJ"1L*>
KTB`mM @MT e9 Xf#bK#2M+?n+QKTmi2 @B b2ibf+QKTmi2@e9X#bK#2M+?
@Q QmiTmif+QKTmi2@e9XQmi
KTB`mM +M i?2M #2 +HH2/ #v vQm` [m2m2BM; bvbi2K Q7 +?QB+2X




PmiTmi 7BH2b bi`i rBi? bQK2 ;2M2`H `2K`Fb #Qmi i?2 T`K2i2`b mb2/-
K`F2/ rBi? (JAL)- i?2M KQp2 QM iQ i?2 #2M+?K`F `2bmHib- K`F2/ rBi?
("1L*>)X hQ TmHH Qmi i?2 `2H2pMi `2bmHib- ;`2T +M #2 mb2/,
;`2T "1L*> (QmiTmi@7BH2)
6B`bi- M BM/B+iBQM Bb ;Bp2M Q7 r?2i?2` i?2 T`2+BbBQM i2bi rb bm++2bb7mHX
h?2M- 7Q` 2+? T2`7Q`KM+2 i2bi- i?2 QmiTmi +QMbBbib Q7,
@ i?2 iBK2 iF2M
@ i?2 p2`;2 6GPSfb `iBM; 7Q` i?2 i2bi
@ i?2 p2`;2 6GPSfb T2` T`Q+2bb 7Q` i?2 i2bi
@ U.T?B QMHvV  `2HiBp2 +QKT`BbQM iQ i?2 bT22/ Q7  "Hm2 :2M2fS
K+?BM2 T2`7Q`KBM; i?2 bK2 i2bi
6QHHQrBM; i?Bb- M BM/B+iBQM Q7 bm++2bb Bb ;Bp2M- 7QHHQr2/ #v i?2 p2`;2
6GPSfb M/ 6GPSfb T2` T`Q+2bb +`Qbb HH i2bib- M/  `2HiBp2 +QKT`BbQM
iQ i?2 bT22/ Q7  "Hm2 :2M2fS K+?BM2 T2`7Q`KBM; i?2 bK2 i2biX
P7 i?2 i2bib- i?2 .T?B Bb i?2 KQbi `2H2pMi 7Q` T2`7Q`KBM; HiiB+2
+H+mHiBQMb- M/ 7Q` i2biBM; +QKKmMB+iBQMb #M/rB/i?- bQ `2bmHib 7`QK
i?Bb i2bi `2 +QKT`2/ rBi? `272`2M+2 K+?BM2b b2T`i2Hv 7`QK i?2 iQiH
;;`2;i2 7B;m`2X Ai Bb `2+QKK2M/2/ i?i i?Bb 7B;m`2 #2 r2B;?i2/ KQbi
Rk3
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*QTv`B;?i U+V kyRk- *Hm/BQ SB+- ;QbiBMQ Si2HH- MiQMBQ _;Q-
GmB;B .2H .2##BQ- "B;BQ Gm+BMB- 1/r`/ "2MM2iiX
HH `B;?ib `2b2`p2/X
_2/Bbi`B#miBQM M/ mb2 BM bQm`+2 M/ #BM`v 7Q`Kb- rBi? Q` rBi?Qmi
KQ/B7B+iBQM- `2 T2`KBii2/ T`QpB/2/ i?i i?2 7QHHQrBM; +QM/BiBQMb
`2 K2i,
RV _2/Bbi`B#miBQMb Q7 bQm`+2 +Q/2 Kmbi `2iBM i?2 #Qp2 +QTv`B;?i
MQiB+2- i?Bb HBbi Q7 +QM/BiBQMb M/ i?2 7QHHQrBM; /Bb+HBK2`X
kV _2/Bbi`B#miBQMb BM #BM`v 7Q`K Kmbi `2T`Q/m+2 i?2 #Qp2 +QTv`B;?i
MQiB+2-
i?Bb HBbi Q7 +QM/BiBQMb M/ i?2 7QHHQrBM; /Bb+HBK2` BM i?2 /Q+mK2MiiBQM
M/fQ` Qi?2` Ki2`BHb T`QpB/2/ rBi? i?2 /Bbi`B#miBQMX
jV Mv Tm#HB+iBQM BM Mv 7Q`K /2`Bp2/ 7`QK i?2 mb2 Q7 i?Bb bQ7ir`2
Q` Mv KQ/B7B+iBQM Q7 Bi Kmbi `272` 2tTHB+BiHv iQ i?2 Q`B;BMH "aJ"2M+?
T+F;2 UBM+Hm/BM; i?2 Q77B+BH l_G ?iiT,ff;Bi?m#X+QKf#Hm+BMBf"aJ"2M+?V
M/ +Bi2 i?2 7QHHQrBM; irQ Tm#HB+iBQMb,
(R) GX .2H .2##BQ- X Si2HH- *X SB+- ]>B;?2` `2T`2b2MiiBQMb QM i?2
HiiB+2, LmK2`B+H bBKmHiBQMbX alUkV rBi? /DQBMi 72`KBQMb]- S?vbX _2pX
.3R UkyRyV yN98yj- .PA RyXRRyjfS?vb_2p.X3RXyN98yj
(k) GX .2H .2##BQ- "X Gm+BMB- X Si2HH- *X SB+- X _;Q- ]*QM7Q`KH
p2`bmb +QM7BMBM; b+2M`BQ BM alUkV rBi? /DQBMi 72`KBQMb]- S?vbX_2pX .3y
UkyyNV yd98yd- .PA RyXRRyjfS?vb_2p.X3yXyd98yd
9V h?2 MK2b Q7 i?2 +QMi`B#miQ`b Kv #2 mb2/ iQ 2M/Q`b2 Q` T`QKQi2
RkN
"X _1.J1 L. GA*1La1 6AG1a 6P_ "aJ"1L*>
T`Q/m+ib /2`Bp2/ 7`QK i?Bb bQ7ir`2 rBi?Qmi bT2+B7B+ T`BQ` r`Bii2M T2`KBbbBQMX
h>Aa aP6hq_1 Aa S_PoA.1. "u h>1 *PSu_A:>h >PG.1_a L. *PLh_A"lhP_a ]a Aa]
L. Lu 1sS_1aa P_ AJSGA1. q__LhA1a- AL*Gl.AL:- "lh LPh GAJAh1. hP- h>1
AJSGA1. q__LhA1a P6 J1_*>Lh"AGAhu L. 6AhL1aa 6P_  S_hA*lG_ Sl_SPa1
_1 .Aa*GAJ1.X AL LP 1o1Lh a>GG h>1 *PSu_A:>h >PG.1_ P_ *PLh_A"lhP_a "1
GA"G1 6P_ Lu .A_1*h- AL.A_1*h- AL*A.1LhG- aS1*AG- 1s1JSG_u- P_
*PLa1Zl1LhAG .J:1a UAL*Gl.AL:- "lh LPh GAJAh1. hP- S_P*l_1J1Lh P6
al"ahAhlh1 :PP.a P_ a1_oA*1ac GPaa P6 la1- .h- P_ S_P6Ahac P_ "laAL1aa
ALh1__lShAPLV >Pq1o1_ *la1. L. PL Lu h>1P_u P6 GA"AGAhu- q>1h>1_ AL
*PLh_*h- ah_A*h GA"AGAhu- P_ hP_h UAL*Gl.AL: L1:GA:1L*1 P_ Ph>1_qAa1V
_AaAL: AL Lu qu Plh P6 h>1 la1 P6 h>Aa aP6hq_1- 1o1L A6 .oAa1. P6
h>1 SPaaA"AGAhu P6 al*> .J:1X
Rjy
_272`2M+2b
(R) JX SBB- ǳG2+im`2b QM rHFBM; i2+?MB+QHQ`- ?QHQ;`T?v M/ ;m;2f;`pBiv
/mHBiB2b-Ǵ /pX >B;? 1M2`;v S?vbX kyRy UkyRyV 9e9jyk- `sBp,Ryy9XyRde
(?2T@T?)X Bp- 3- Rd
(k) hX SB+FmT- AMp2biB;iBM; i?2 *QM7Q`KH qBM/Qr Q7 al(N) :m;2 h?2Q`B2bX
S?. i?2bBb- lMBp2`bBiv Q7 Pt7Q`/- kyRRX Bp
(j) S*a@*a *QHH#Q`iBQM *QHH#Q`iBQM- aX QFB 2i HX- ǳkYR 6HpQ` GiiB+2
Z*. iQr`/ i?2 S?vbB+H SQBMi-Ǵ S?vbX_2pX .dN UkyyNV yj98yj-
`sBp,y3ydXReeR (?2T@Hi)X pB- 9k
(9) _X .Qr/HH- *X .pB2b- hX >KKMi- M/ _X >Q`;M- ǳS`2+Bb2 ?2pv@HB;?i K2bQM
Kbb2b M/ ?vT2`}M2 bTHBiiBM;b 7`QK HiiB+2 Z*. BM+Hm/BM; +?`K [m`Fb BM i?2
b2-Ǵ S?vbX _2pX .3e UkyRkV yN98Ry- `sBp,RkydX8R9N (?2T@Hi)X pB- 9k- 9j
(8) 1hJ *QHH#Q`iBQM *QHH#Q`iBQM- *X H2tM/`Qm 2i HX- ǳGQr@HvBM; #`vQM
bT2+i`mK rBi? irQ /vMKB+H irBbi2/ Kbb 72`KBQMb-Ǵ S?vbX_2pX .3y UkyyNV
RR98yj- `sBp,yNRyXk9RN (?2T@Hi)X pB- 9k- 9j
(e) aX "2i?F2- ǳqQ`H/ amKK`v Q7 αs UkyRkV-Ǵ `sBp,RkRyXyjk8 (?2T@2t)X pB- 9k-
99
(d) 1X hX L2BH- ǳ1tTHQ`BM; JQ/2Hb 7Q` L2r S?vbB+b QM i?2 GiiB+2-Ǵ SQa
GhhA*1kyRR UkyRRV yyN- `sBp,Rky8X9dye (?2T@Hi)X pB- 99- 98
(3) "X Gm+BMB M/ JX h2T2`- ǳal(N) ;m;2 i?2Q`B2b BM 7Qm`@/BK2MbBQMb, 1tTHQ`BM;
i?2 TT`Q+? iQ N =∞-Ǵ C>1S yRye UkyyRV y8y- `sBp,?2T@HifyRyjykd
(?2T@Hi)X pBB- 3R- 3k
RjR
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(N) hX a+? 72` M/ 1X oX a?m`vF- ǳAMbiMiQMb BM Z*.-Ǵ _2pX JQ/X S?vbX dy UT`-
RNN3V jkjĜ9k8- `sBp,?2T@T?fNeRy98RX pBB- d8- 3R
(Ry) GX .2H .2##BQ- "X Gm+BMB- X Si2HH- *X SB+- M/ X _;Q- ǳAM7``2/ /vMKB+b
Q7 JBMBKH qHFBM; h2+?MB+QHQ`-Ǵ S?vbX _2pX .3k UCmH- kyRyV yR98Ry-
`sBp,Ryy9XjkyeX Bt- 3k- 38- 3e- Ne
(RR) SX qX >B;;b- ǳ"`QF2M bvKK2i`B2b- KbbH2bb T`iB+H2b M/ ;m;2 }2H/b-Ǵ S?vbX
G2iiX Rk URNe9V RjkĜRjjX R- 8
(Rk) SX qX >B;;b- ǳ"`QF2M avKK2i`B2b M/ i?2 Jbb2b Q7 :m;2 "QbQMb-Ǵ S?vbX _2pX
G2iiX Rj URNe9V 8y3Ĝ8yNX R- 8
(Rj) 1X "2MM2ii- "X Gm+BMB- M/ X Si2HH- ǳal(2) rBi? QM2 .B`+ ~pQm` BM i?2
/DQBMi `2T`2b2MiiBQM-Ǵ BM S`Q+22/BM;b Q7 ai`QM; M/ 1H2+i`Qr2F Jii2`
Ua1qJV kyRkX kyRkX
?iiT,ffTvr2#XbrMX+XmFfb2rKfb2rKr2#fTQbi2`bf#2MM2iiXT/7X k
(R9) 1X "2MM2ii M/ "X Gm+BMB- ǳhQTQHQ;v Q7 JBMBKH qHFBM; h2+?MB+QHQ`-Ǵ 1m`X
S?vbX CX *dj MQX 8- UkyRjV RĜd- `sBp,RkyNX88dNX
?iiT,ff/tX/QBXQ`;fRyXRR9yf2TD+fbRyy8k@yRj@k9ke@eX k- Ne
(R8) 1X "2MM2ii- "X Gm+BMB- EX CQ`/M- X Si2HH- *X SB+- M/ X _;Q-
ǳ"aJ"2M+?,  >S* #2M+?K`F 7Q` #2vQM/ i?2 biM/`/ KQ/2H HiiB+2
T?vbB+b-Ǵ BM S`Q+22/BM;b Q7 i?2 AMi2`MiBQMH amT2`+QKTmiBM; *QM72`2M+2 kyRkX
kyRkX ?iiT,ffTvr2#XbrMX+XmFfTv2#fbmT2`TQbi2`XT/7X k- Nd
(Re) aX GTQ`i M/ 1X _2KB//B- ǳh?2 MHviB+H pHm2 Q7 i?2 2H2+i`QM Ug − 2V i
Q`/2` α3 BM Z1.-Ǵ S?vbX G2iiX "jdN URNNeV k3jĜkNR- `sBp,?2T@T?fNeyk9Rd
(?2T@T?)X j
(Rd) hX QvK- JX >vFr- hX EBMQb?Bi- M/ JX LBQ- ǳh2Mi?@P`/2` Z1.
*QMi`B#miBQM iQ i?2 1H2+i`QM ;@k M/ M AKT`Qp2/ oHm2 Q7 i?2 6BM2 ai`m+im`2
*QMbiMi-Ǵ S?vbX _2pX G2iiX RyN UkyRkV RRR3yd- `sBp,Rky8X8je3 (?2T@T?)X j
(R3) S`iB+H2 .i :`QmT *QHH#Q`iBQM- CX "2`BM;2` 2i HX- ǳ_2pB2r Q7 T`iB+H2
T?vbB+b-Ǵ S?vbX _2pX .3e UCmH- kyRkV yRyyyRX j- 8- R9
Rjk
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(RN) hGa *QHH#Q`iBQM- h?2 hGa *QHH#Q`iBQM- ǳP#b2`piBQM Q7  M2r
T`iB+H2 BM i?2 b2`+? 7Q` i?2 aiM/`/ JQ/2H >B;;b #QbQM rBi? i?2 hGa
/2i2+iQ` i i?2 G>*-Ǵ S?vbX G2iiX "dRe MQX R- UkyRkV R Ĝ kN- `sBp,RkydXdkR9X
j
(ky) *Ja *QHH#Q`iBQM- h?2 *Ja *QHH#Q`iBQM- ǳP#b2`piBQM Q7  M2r #QbQM i
 Kbb Q7 Rk8 :2o rBi? i?2 *Ja 2tT2`BK2Mi i i?2 G>*-Ǵ S?vbX G2iiX "dRe
MQX R- UkyRkV jy Ĝ eR- `sBp,RkydXdkj8X j
(kR) aX q2BM#2`;- ǳ JQ/2H Q7 G2TiQMb-Ǵ S?vbX _2pX G2iiX RN URNedV Rke9ĜRkeeX 8
(kk) X aHK- ǳq2F M/ 1H2+i`QK;M2iB+ AMi2`+iBQMb-Ǵ *QM7X S`Q+X *e3y8RN
URNe3V jedĜjddX 8
(kj) aX :Hb?Qr- ǳS`iBH avKK2i`B2b Q7 q2F AMi2`+iBQMb-Ǵ Lm+HX S?vbX "kk
URNeRV 8dNĜ833X 8
(k9) 6X 1M;H2`i M/ _X "`Qmi- ǳ"`QF2M avKK2i`v M/ i?2 Jbb Q7 :m;2 o2+iQ`
J2bQMb-Ǵ S?vbX _2pX G2iiX Rj URNe9V jkRĜjkjX 8
(k8) :X :m`HMBF- *X >;2M- M/ hX EB##H2- ǳ:HQ#H *QMb2`piBQM Grb M/ JbbH2bb
S`iB+H2b-Ǵ S?vbX _2pX G2iiX Rj URNe9V 838Ĝ83dX 8
(ke) CX :QH/biQM2- ǳ6B2H/ h?2Q`B2b rBi? amT2`+QM/m+iQ` aQHmiBQMb-Ǵ LmQpQ *BKX RN
URNeRV R89ĜRe9X 8
(kd) JX 1X S2bFBM M/ .X oX a+?`Q2/2`- ǳM AMi`Q/m+iBQM iQ [mMimK }2H/ i?2Q`v-ǴX
8
(k3) aX q2BM#2`;- ǳAKTHB+iBQMb Q7 .vMKB+H avKK2i`v "`2FBM;-Ǵ S?vbX _2pX .Rj
URNdeV Nd9ĜNNeX d
(kN) aX q2BM#2`;- ǳAKTHB+iBQMb Q7 .vMKB+H avKK2i`v "`2FBM;, M //2M/mK-Ǵ
S?vbX _2pX .RN URNdNV RkddĜRk3yX d
(jy) GX ambbFBM/- ǳ.vMKB+b Q7 aTQMiM2Qmb avKK2i`v "`2FBM; BM i?2
q2BM#2`;@aHK h?2Q`v-Ǵ S?vbX _2pX .ky URNdNV keRNĜkek8X d
(jR) 1X 6`?B M/ GX ambbFBM/- ǳh2+?MB+QHQ`-Ǵ S?vbX _2TiX d9 URN3RV kddX d
Rjj
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(jk) CX "2HH M/ _X C+FBr- ǳ S** TmxxH2, TBy → ;KK ;KK BM i?2 bB;K
KQ/2H-Ǵ LmQpQ *BKX ey URNeNV 9dĜeRX 3
(jj) aX GX /H2`- ǳtBH p2+iQ` p2`i2t BM bTBMQ` 2H2+i`Q/vMKB+b-Ǵ S?vbX _2pX .Rdd
URNeNV k9keĜk9j3X 3
(j9) JX EFm- ZmMimK }2H/ i?2Q`v,  JQ/2`M BMi`Q/m+iBQMX Pt7Q`/ lMBp2`bBiv
S`2bb- RNNjX 3
(j8) hX TT2H[mBbi M/ :X@>X qm- ǳh?2 1H2+i`Qr2F +?B`H G;`M;BM M/ M2r
T`2+BbBQM K2bm`2K2Mib-Ǵ S?vbX _2pX .93 URNNjV jkj8Ĝjk9R-
`sBp,?2T@T?fNjy9k9y (?2T@T?)X 3
(je) hX TT2H[mBbi M/ :X@>X qm- ǳh?2 1H2+i`Qr2F +?B`H G;`M;BM M/ *S
pBQHiBM; 2z2+ib BM i2+?MB+QHQ` i?2Q`B2b-Ǵ S?vbX _2pX .8R URNN8V k9yĜk8y-
`sBp,?2T@T?fN9ye9Re (?2T@T?)X 3
(jd) .X .X .B2i`B+? M/ 6X aMMBMQ- ǳ*QM7Q`KH rBM/Qr Q7 al(N) ;m;2 i?2Q`B2b
rBi? 72`KBQMb BM ?B;?2` /BK2MbBQMH `2T`2b2MiiBQMb-Ǵ S?vbX _2pX .d8 UkyydV
y38yR3- `sBp,?2T@T?fyeRRj9R (?2T@T?)X N- Rd- 9k- 9e- 9d
(j3) qX 1X *br2HH- ǳbvKTiQiB+ "2?pBQ` Q7 MQM@#2HBM :m;2 h?2Q`B2b iQ hrQ
GQQT P`/2`-Ǵ S?vbX _2pX G2iiX jj URNd9V k99X N- Ry
(jN) .X CQM2b- ǳh?2 hrQ GQQT #2i 6mM+iBQM 7Q`  G(1)×G(2) :m;2 h?2Q`v-Ǵ
S?vbX _2pX .k8 URN3kV 83RX N
(9y) hX "MFb M/ X wFb- ǳPM i?2 S?b2 ai`m+im`2 Q7 o2+iQ`@GBF2 :m;2 h?2Q`B2b
rBi? JbbH2bb 62`KBQMb-Ǵ Lm+HX S?vbX "RNe URN3kV R3NX Ry
(9R) hX TT2H[mBbi- EX .X GM2- M/ lX J?Mi- ǳPM i?2 H//2` TT`QtBKiBQM 7Q`
bTQMiM2Qmb +?B`H bvKK2i`v #`2FBM;-Ǵ S?vbX _2pX G2iiX eR URN33V R88jX Ry
(9k) X :X *Q?2M M/ >X :2Q`;B- ǳqHFBM; #2vQM/ i?2 `BM#Qr-Ǵ Lm+HX S?vbX "jR9
URN3NV dX Ry- RR- Rk
(9j) _X 6mFm/ M/ hX Em;Q- ǳa+?rBM;2`@.vbQM 1[miBQM 7Q` JbbH2bb o2+iQ`
h?2Q`v M/ #b2M+2 Q7 62`KBQM SQH2-Ǵ Lm+HX S?vbX "RRd URNdeV k8yX Rk
Rj9
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(99) aX .BKQTQmHQb M/ GX ambbFBM/- ǳJbb qBi?Qmi a+H`b-Ǵ Lm+HX S?vbX "R88
URNdNV kjdĜk8kX Rj
(98) 1X 1B+?i2M M/ EX .X GM2- ǳ.vMKB+H "`2FBM; Q7 q2F AMi2`+iBQM
avKK2i`B2b-Ǵ S?vbX G2iiX "Ny URN3yV Rk8ĜRjyX Rj- R9
(9e) aX _#v- aX .BKQTQmHQb- M/ GX ambbFBM/- ǳhmK#HBM; :m;2 h?2Q`B2b-Ǵ
Lm+HXS?vbX "ReN URN3yV jdjX R9
(9d) aX *?/? M/ JX 1X S2bFBM- ǳAKTHB+iBQMb Q7 +?B`H /vMKB+b BM i?2Q`B2b Q7
i2+?MB+QHQ`X kX h?2 Kbb Q7 i?2 P+-Ǵ Lm+HX S?vbX "R3d URN3RV 89RX R9
(93) CX aMx@*BHH2`Q- ǳSBQM M/ FQM /2+v +QMbiMib, GiiB+2 p2`bmb `2bQMM+2 +?B`H
i?2Q`v-Ǵ S?vbX _2pX .dy Ukyy9V yN9yjj- `sBp,?2T@T?fy9y3y3y (?2T@T?)X R9
(9N) _X aX *?BpmFmH M/ 1X >X aBKKQMb- ǳ*QM/2Mbi2 1M?M+2K2Mi M/ .@J2bQM
JBtBM; BM h2+?MB+QHQ` h?2Q`B2b-Ǵ S?vbX _2pX .3k UkyRyV yjjyR9-
`sBp,Ryy8X8dkd (?2T@Hi)X R9
(8y) "X >QH/QK- ǳh2+?MBQ/Q`-Ǵ S?vbX G2iiX "R8y URN38V jyRX R8
(8R) EX uKrFB- JX "M/Q- M/ EX@BX JimKQiQ- ǳa+H2 AMp`BMi h2+?MB+QHQ`
JQ/2H M/  h2+?MB/BHiQM-Ǵ S?vbX _2pX G2iiX 8e URN3eV Rjj8X
(8k) hX qX TT2H[mBbi- .X E`#HB- M/ GX qBD2r`/?M- ǳ*?B`H >B2``+?B2b M/
i?2 6HpQ` *?M;BM; L2mi`H *m``2Mi S`Q#H2K BM h2+?MB+QHQ`-Ǵ S?vbX _2pX G2iiX
8d URN3eV N8dX R8
(8j) .X 1HM/2` M/ JX SBB- ǳh?2 /2+v +QMbiMi Q7 i?2 ?QHQ;`T?B+ i2+?MB@/BHiQM
M/ i?2 Rk8 :2o #QbQM-Ǵ `sBp,Rky3Xy89e (?2T@T?)X Rd- R3
(89) LX 1pMb M/ EX hmQKBM2- ǳ>QHQ;`T?B+ JQ/2HHBM; Q7  GB;?i h2+?MB@.BHiQM-Ǵ
`sBp,RjykX988j (?2T@T?)X Rd
(88) aX JibmxFB M/ EX uKrFB- ǳ>QHQ;`T?B+ i2+?MB@/BHiQM i Rk8 :2o-Ǵ S?vbX
_2pX .3e UkyRkV RR8yy9- `sBp,RkyNXkyRd (?2T@T?)X Rd- R3
(8e) *Ja *QHH#Q`iBQM- aX *?i`+?vM 2i HX- ǳP#b2`piBQM Q7  M2r #QbQM rBi?




(8d) _X aX *?BpmFmH- ǳG2+im`2b QM i2+?MB+QHQ` M/ +QKTQbBi2M2bb-Ǵ
`sBp,?2T@T?fyyRRke9 (?2T@T?)X Rd
(83) EX GM2- ǳhrQ H2+im`2b QM i2+?MB+QHQ`-Ǵ `sBp,?2T@T?fykykk88 (?2T@T?)X
(8N) *X hX >BHH M/ 1X >X aBKKQMb- ǳai`QM; /vMKB+b M/ 2H2+i`Qr2F bvKK2i`v
#`2FBM;-Ǵ S?vbX _2TiX j3R UkyyjV kj8Ĝ9yk- `sBp,?2T@T?fykyjydN (?2T@T?)X
(ey) X J`iBM- ǳh2+?MB+QHQ` aB;MHb i i?2 G>*-Ǵ `sBp,y3RkXR39R (?2T@T?)X
(eR) 6X aMMBMQ- ǳ*QM7Q`KH .vMKB+b 7Q` h2o S?vbB+b M/ *QbKQHQ;v-Ǵ +i S?vbX
SQHQMX "9y UkyyNV j8jjĜjd9j- `sBp,yNRRXyNjR (?2T@T?)X Rd
(ek) LX a2B#2`;- ǳ1H2+i`B+ @ K;M2iB+ /mHBiv BM bmT2`bvKK2i`B+ MQM@#2HBM ;m;2
i?2Q`B2b-Ǵ Lm+HX S?vbX "9j8 URNN8V RkNĜR9e- `sBp,?2T@i?fN9RRR9N
(?2T@i?)X R3
(ej) *X .X *`QM2- CX 1`HB+?- M/ CX X hM- ǳ>QHQ;`T?B+ "QbQMB+ h2+?MB+QHQ`-Ǵ
S?vbX _2pX .d8 UkyydV yd8yy8- `sBp,?2T@T?fyeRkk9k (?2T@T?)X R3
(e9) .X 1HM/2` M/ JX SBB- ǳGB;?i b+H`b 7`QK  +QKT+i }7i? /BK2MbBQM-Ǵ C>1S
RRyR UkyRRV yke- `sBp,RyRyXRNe9 (?2T@i?)X
(e8) JX 6##`B+?2bB- JX SBB- M/ GX o2++?B- ǳ.vMKB+H 2H2+i`Q@r2F bvKK2i`v
#`2FBM; 7`QK /27Q`K2/ /a, o2+iQ` K2bQMb M/ 2z2+iBp2 +QmTHBM;b-Ǵ S?vbX
_2pX .d3 Ukyy3V y98yyN- `sBp,y3y9XyRk9 (?2T@T?)X
(ee) JX :QvF?KM M/ X S`M+?2p- ǳa@T`K2i2`- h2+?MBK2bQMb- M/ S?b2
h`MbBiBQMb BM >QHQ;`T?B+ h+?vQM ."A JQ/2Hb-Ǵ S?vbX _2pX .3d UkyRjV
ykeyyd- `sBp,RkRRXy93k (?2T@i?)X
(ed) EX >#- aX JibmxFB- M/ EX uKrFB- ǳa S`K2i2` BM i?2 >QHQ;`T?B+
qHFBM;f*QM7Q`KH h2+?MB+QHQ`-Ǵ S`Q;X h?2Q`X S?vbX Rky Ukyy3V eNRĜdkR-
`sBp,y3y9Xjee3 (?2T@T?)X
(e3) CX >B`M M/ oX aMx- ǳ L2;iBp2 a T`K2i2` 7`QK ?QHQ;`T?B+ i2+?MB+QHQ`-Ǵ
S?vbX _2pX G2iiX Nd UkyyeV RkR3yj- `sBp,?2T@T?fyeyey3e (?2T@T?)X
Rje
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(eN) CX >B`M M/ oX aMx- ǳh?2 6B7i? /BK2MbBQM b M MHQ;m2 +QKTmi2` 7Q` bi`QM;
BMi2`+iBQMb i i?2 G>*-Ǵ C>1S ydyj UkyydV Ryy- `sBp,?2T@T?fyeRkkjN
(?2T@T?)X
(dy) CX >B`M- X J`iBM- M/ oX aMx- ǳ.2b+`B#BM; pB#H2 i2+?MB+QHQ` b+2M`BQb-Ǵ
S?vbX _2pX .d3 Ukyy3V yd8yke- `sBp,y3ydXk9e8 (?2T@T?)X
(dR) .X EX >QM; M/ >X@lX u22- ǳ>QHQ;`T?B+ 2biBKi2 Q7 Q#HB[m2 +Q``2+iBQMb 7Q`
i2+?MB+QHQ`-Ǵ S?vbX _2pX .d9 UkyyeV yR8yRR- `sBp,?2T@T?fyeykRdd
(?2T@T?)X
(dk) .X EmibQp- CX GBM- M/ X S`M+?2p- ǳ>QHQ;`T?B+ qHFBM; 7`QK h+?vQM
."A-Ǵ Lm+HX S?vbX "3ej UkyRkV jeRĜjNd- `sBp,RkyRX9Rkj (?2T@i?)X
(dj) .X G2pFQp- oX _m#FQp- aX h`QBibFv- M/ uX w2MF2pB+?- ǳ*QMbi`BMBM;
>QHQ;`T?B+ h2+?MB+QHQ`-Ǵ S?vbX G2iiX "dRe UkyRkV j8yĜj88- `sBp,RkyRXeje3
(?2T@T?)X
(d9) JX _QmM/- ǳ>QHQ;`T?B+ _2MQ`KHBbiBQM M/ i?2 1H2+i`Qr2F S`2+BbBQM
S`K2i2`b-Ǵ S?vbX _2pX .3k UkyRyV y8jyyk- `sBp,RyyjXkNjj (?2T@T?)X R3
(d8) GX M;m2HQp- ǳ1H2+i`Qr2F avKK2i`v "`2FBM; 7`QK :m;2f:`pBiv .mHBiv-Ǵ
Lm+HX S?vbX "39j UkyRRV 9kNĜ989- `sBp,RyyeXj8dy (?2T@i?)X R3
(de) GX M;m2HQp- SX am`MvB- M/ GX qBD2r`/?M- ǳ>QHQ;`T?B+ qHFBM;
h2+?MB+QHQ` 7`QK .@#`M2b-Ǵ Lm+HX S?vbX "38k UkyRRV jNĜey- `sBp,RRy8X9R38
(?2T@i?)X
(dd) GX M;m2HQp- SX am`MvB- M/ GX _X qBD2r`/?M- ǳa+H` J2bQMb BM
>QHQ;`T?B+ qHFBM; h2+?MB+QHQ`-Ǵ Lm+HX S?vbX "3ek UkyRkV edRĜeNy-
`sBp,RkyjXRNe3 (?2T@i?)X
(d3) *X .X *`QM2- CX 1`HB+?- M/ JX a?2`- ǳ>QHQ;`T?B+ 1H2+i`Qr2F avKK2i`v
"`2FBM; 7`QK .@#`M2b-Ǵ S?vbX _2pX .de UkyydV yR8yR8- `sBp,ydy9Xjy39
(?2T@i?)X
(dN) hX *H`F- aX GQp2- M/ hX i2` o2H/?mBb- ǳ>QHQ;`T?B+ qHFBM; h2+?MB+QHQ` M/
ai#BHBiv Q7 h2+?MB@"`M2b-Ǵ `sBp,Rky3Xy3Rd (?2T@i?)X
Rjd
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(3y) hX >B`vK M/ EX uQb?BQF- ǳ>QHQ;`T?B+ *QMbi`m+iBQM Q7 h2+?MB+QHQ`
h?2Q`v-Ǵ C>1S ydRy UkyydV yyk- `sBp,ydy8Xj8jj (?2T@T?)X
(3R) PX JBMiF2pB+? M/ CX aQMM2Mb+?2BM- ǳ>QHQ;`T?B+ i2+?MB+QHQ` KQ/2Hb M/ i?2B`
a@T`K2i2`-Ǵ C>1S yNyd UkyyNV yjk- `sBp,yNy8Xjk39 (?2T@i?)X R3
(3k) GX M;m2HQp- SX am`MvB- M/ GX _X qBD2r`/?M- ǳ:Hm2#HH aT2+i`mK BM 
:m;2 h?2Q`v rBi? hrQ .vMKB+H a+H2b-Ǵ `sBp,RkRkXRRde (?2T@i?)X R3
(3j) .X 1HM/2`- *X LmM2x- M/ JX SBB- ǳ GB;?i b+H` 7`QK rHFBM; bQHmiBQMb BM
;m;2@bi`BM; /mHBiv-Ǵ S?vbX G2iiX "e3e UkyRyV e9Ĝed- `sBp,yNy3Xk3y3
(?2T@i?)X
(39) .X 1HM/2`- CX :BHH`/- *X LmM2x- M/ JX SBB- ǳhQr`/b KmHiB@b+H2 /vMKB+b
QM i?2 #`vQMB+ #`M+? Q7 EH2#MQp@ai`bbH2`-Ǵ C>1S RRyd UkyRRV y8e-
`sBp,RRy9XjNej (?2T@i?)X
(38) *X LmM2x- AX ST/BKBi`BQm- M/ JX SBB- ǳqHFBM; .vMKB+b 7`QK ai`BM;
.mHb-Ǵ AMiX CX JQ/X S?vbX k8 UkyRyV k3jdĜk3e8- `sBp,y3RkXje88
(?2T@i?)X
(3e) *X LmM2x- JX SBB- M/ X _;Q- ǳqBHbQM GQQTb BM bi`BM; /mHb Q7 qHFBM; M/
6HpQ`2/ avbi2Kb-Ǵ S?vbX _2pX .3R UkyRyV y3eyyR- `sBp,yNyNXyd93
(?2T@i?)X
(3d) aX SX EmK`- .X Ji2Qb- X S`2/2b- M/ JX SBB- ǳhQr`/b ?QHQ;`T?B+
rHFBM; 7`QK N = 4 bmT2` uM;@JBHHb-Ǵ C>1S RRy8 UkyRRV yy3-
`sBp,RyRkX9ed3 (?2T@i?)X R3
(33) EX :X qBHbQM- ǳ*QM}M2K2Mi Q7 Zm`Fb-Ǵ S?vbX _2pX .Ry URNd9V k998Ĝk98NX k9
(3N) >X "X LB2Hb2M M/ JX LBMQKBv- ǳLQ :Q h?2Q`2K 7Q` _2;mH`BxBM; *?B`H
62`KBQMb-Ǵ S?vbX G2iiX "Ry8 URN3RV kRNX k9
(Ny) EX :X qBHbQM- ǳZm`Fb M/ ai`BM;b QM  GiiB+2-ǴX k9
(NR) CX "X EQ;mi M/ GX ambbFBM/- ǳ>KBHiQMBM 6Q`KmHiBQM Q7 qBHbQMǶb GiiB+2
:m;2 h?2Q`B2b-Ǵ S?vbX _2pX .RR URNd8V jN8X k8
Rj3
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(Nk) GX ambbFBM/- ǳGiiB+2 62`KBQMb-Ǵ S?vbX _2pX .Re URNddV jyjRĜjyjNX k8
(Nj) *Q`M2HH@Pt7Q`/@h2H pBp@u2b?Bp *QHH#Q`iBQM- hX "MFb 2i HX- ǳai`QM;
*QmTHBM; *H+mHiBQMb Q7 i?2 >/`QM aT2+i`mK Q7 ZmMimK *?`QKQ/vMKB+b-Ǵ
S?vbX _2pX .R8 URNddV RRRRX k8
(N9) X E2MM2/v- AX >Q`pi?- M/ aX aBMi- ǳ L2r 2t+i K2i?Q/ 7Q` /vMKB+H
72`KBQM +QKTmiiBQMb rBi? MQMHQ+H +iBQMb-Ǵ Lm+HX S?vbX S`Q+X amTTHX dj
URNNNV 3j9Ĝ3je- `sBp,?2T@HifN3yNyNk (?2T@Hi)X ke
(N8) JX *H`F- ǳh?2 _iBQMH >v#`B/ JQMi2 *`HQ H;Q`Bi?K-Ǵ SQa Ghkyye
UkyyeV yy9- `sBp,?2T@HifyeRyy93 (?2T@Hi)X ke
(Ne) aX .mM2- X E2MM2/v- "X CX S2M/H2iQM- M/ .X _Qr2i?- ǳ>v#`B/ JQMi2 *`HQ-Ǵ
S?vbX G2iiX "RN8 MQX k- URN3dV kRe Ĝ kkkX ke
(Nd) _X a+H2ii`- .X a+HTBMQ- M/ _X am;`- ǳL2r H;Q`Bi?K 7Q` i?2 MmK2`B+H
bBKmHiBQM Q7 72`KBQMb-Ǵ S?vbX _2pX "j9 URN3eV dNRRĜdNRdX
(N3) aX X :QiiHB2#- qX GBm- .X hQmbbBMi- _X _2MF2M- M/ _X am;`- ǳ>v#`B/
JQH2+mH` .vMKB+b H;Q`Bi?Kb 7Q` i?2 LmK2`B+H aBKmHiBQM Q7 ZmMimK
*?`QKQ/vMKB+b-Ǵ S?vbX _2pX .j8 URN3dV k8jRĜk89kX ke
(NN) :X S`BbB M/ uX@bX qm- ǳS2`im`#iBQM h?2Q`v qBi?Qmi :m;2 6BtBM;-Ǵ a+BX aBMX
k9 URN3RV 93jX ke
(Ryy) X lFr M/ JX 6mFm;Bi- ǳGM;2pBM bBKmHiBQM BM+Hm/BM; /vMKB+H [m`F
HQQTb-Ǵ S?vbX _2pX G2iiX 88 URN38V R389X
(RyR) :X "i`QmMB- :X Eix- X aX E`QM72H/- :X G2T;2- "X ap2iBibFv- 2i HX- ǳGM;2pBM
aBKmHiBQMb Q7 GiiB+2 6B2H/ h?2Q`B2b-Ǵ S?vbX _2pX .jk URN38V kdjeX ke
(Ryk) .X CX *HHrv M/ X _?KM- ǳh?2 KB+`Q+MQMB+H 2Mb2K#H2,  M2r
7Q`KmHiBQM Q7 HiiB+2 ;m;2 i?2Q`v-Ǵ S?vbX _2pX G2iiX 9N URN3kV eRjX ke
(Ryj) .X CX *HHrv M/ X _?KM- ǳGiiB+2 ;m;2 i?2Q`v BM KB+`Q+MQMB+H
2Mb2K#H2-Ǵ S?vbX _2pX .k3 URN3jV R8yeX ke
RjN
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(Ry9) LX J2i`QTQHBb- X _Qb2M#Hmi?- JX _Qb2M#Hmi?- X h2HH2`- M/ 1X h2HH2`-
ǳ1[miBQM Q7 bii2 +H+mHiBQMb #v 7bi +QKTmiBM; K+?BM2b-Ǵ CX *?2KX S?vbX
kR URN8jV Ry3dĜRyNkX ke
(Ry8) 1X uX _2K2x- :2M2`H +QKTmiiBQMH K2i?Q/b Q7 *?2#vb?2p TT`QtBKiBQM, i?2
T`Q#H2Kb rBi? HBM2` `2H T`K2i2`bX 1_. .BpX S?vbX _2bX- qb?BM;iQM- .*-
RNekX kd
(Rye) aX@CX .QM; M/ EX@6X GBm- ǳaiQ+?biB+ 2biBKiBQM rBi? wUkV MQBb2-Ǵ S?vbX G2iiX
"jk3 URNN9V RjyĜRje- `sBp,?2T@HifNjy3yR8 (?2T@Hi)X jy
(Ryd) hsG *QHH#Q`iBQM- CX oB2?Qz 2i HX- ǳAKT`QpBM; biQ+?biB+ 2biBKiQ`
i2+?MB[m2b 7Q` /Bb+QMM2+i2/ /B;`Kb-Ǵ Lm+HX S?vbX S`Q+X amTTHX ej URNN3V
keNĜkdR- `sBp,?2T@HifNdRyy8y (?2T@Hi)X
(Ry3) SX "QvH2- X CmiiM2`- *X E2HHv- M/ _X E2Mrv- ǳlb2 Q7 biQ+?biB+ bQm`+2b 7Q`
i?2 HiiB+2 /2i2`KBMiBQM Q7 HB;?i [m`F T?vbB+b-Ǵ C>1S y3y3 Ukyy3V y3e-
`sBp,y3y9XR8yR (?2T@Hi)X jy
(RyN) :X aX "HB- aX *QHHBMb- M/ X a+?72`- ǳ1z2+iBp2 MQBb2 `2/m+iBQM i2+?MB[m2b 7Q`
/Bb+QMM2+i2/ HQQTb BM GiiB+2 Z*.-Ǵ *QKTmiX S?vbX *QKKmMX R3R UkyRyV
R8dyĜR83j- `sBp,yNRyXjNdy (?2T@Hi)X jj
(RRy) CX 6QH2v- EX CBKKv Cm;2- X PǶ*Bb- JX S2`/QM- aX JX _vM- 2i HX- ǳS`+iB+H
HH@iQ@HH T`QT;iQ`b 7Q` HiiB+2 Z*.-Ǵ *QKTmiX S?vbX *QKKmMX Rdk Ukyy8V
R98ĜRek- `sBp,?2T@Hify8y8ykj (?2T@Hi)X jj
(RRR) aX *QHHBMb- :X "HB- M/ X a+?72`- ǳ.Bb+QMM2+i2/ +QMi`B#miBQMb iQ ?/`QMB+
bi`m+im`2,  M2r K2i?Q/ 7Q` biQ+?biB+ MQBb2 `2/m+iBQM-Ǵ SQa Ghkyyd UkyydV
R9R- `sBp,ydyNXjkRd (?2T@Hi)X jj
(RRk) S1 *QHH#Q`iBQM- JX H#M2b2 2i HX- ǳ:Hm2#HH Kbb2b M/ i?2 HQQT HQQT
+Q``2HiBQM 7mM+iBQMb-Ǵ S?vbX G2iiX "RNd URN3dV 9yyX j9
(RRj) S1 *QHH#Q`iBQM- JX H#M2b2 2i HX- ǳ:Hm2#HH Jbb2b M/ ai`BM; h2MbBQM BM
GiiB+2 Z*.-Ǵ S?vbX G2iiX "RNk URN3dV RejĜReNX j9
R9y
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(RR9) "X Gm+BMB- JX h2T2`- M/ lX q2M;2`- ǳ:Hm2#HHb M/ F@bi`BM;b BM al(N) ;m;2
i?2Q`B2b, *H+mHiBQMb rBi? BKT`Qp2/ QT2`iQ`b-Ǵ C>1S y9ye Ukyy9V yRk-
`sBp,?2T@Hify9y9yy3 (?2T@Hi)X j9
(RR8) "X Gm+BMB- ǳh?2 G`;2 L HBKBi 7`QK i?2 HiiB+2-Ǵ 62r "Q/v avbiX je Ukyy8V
ReRĜRee- `sBp,?2T@T?fy9RyyRe (?2T@T?)X j9
(RRe) JX h2T2`- ǳh?2 b+H` M/ i2MbQ` ;Hm2#HH Kbb2b BM HiiB+2 ;m;2 i?2Q`v-Ǵ S?vbX
G2iiX "R38 URN3dV RkRX j9
(RRd) JX h2T2`- ǳM AKT`Qp2/ J2i?Q/ 7Q` GiiB+2 :Hm2#HH *H+mHiBQMb-Ǵ S?vbX G2iiX
"R3j URN3dV j98X j9
(RR3) X Si2HH- ǳ T`2+Bb2 /2i2`KBMiBQM Q7 i?2 TbB#`@TbB MQKHQmb /BK2MbBQM BM
+QM7Q`KH ;m;2 i?2Q`B2b-Ǵ S?vbX _2pX .3e UkyRkV yk8yye- `sBp,Rky9X99jk
(?2T@Hi)X j8
(RRN) GX :BmbiB M/ JX GɃb+?2`- ǳ*?B`H bvKK2i`v #`2FBM; M/ i?2 "MFb@*b?2`
`2HiBQM BM HiiB+2 Z*. rBi? qBHbQM [m`Fb-Ǵ C>1S yNyj UkyyNV yRj-
`sBp,y3RkXjej3 (?2T@Hi)X j8- je
(Rky) "X "QH/2`- hX ai`m+FKMM- :X aX "HB- LX 1B+F2`- hX GBTT2`i- 2i HX- ǳ >B;?
T`2+BbBQM bim/v Q7 i?2 Z MiB@Z TQi2MiBH 7`QK qBHbQM HQQTb BM i?2 `2;BK2 Q7
bi`BM; #`2FBM;-Ǵ S?vbX _2pX .ej UkyyRV yd98y9- `sBp,?2T@Hifyyy8yR3
(?2T@Hi)X jN
(RkR) X >b2M7`ix M/ 6X EM2+?iHB- ǳ6HpQ` bvKK2i`v M/ i?2 biiB+ TQi2MiBH rBi?
?vT2`+m#B+ #HQ+FBM;-Ǵ S?vbX_2pX .e9 UkyyRV yj98y9- `sBp,?2T@HifyRyjykN
(?2T@Hi)X jN
(Rkk) "X 17`QM- ǳLQMT`K2i`B+ 2biBKi2b Q7 biM/`/ 2``Q`, h?2 D+FFMB72- i?2
#QQibi`T M/ Qi?2` K2i?Q/b-Ǵ "BQK2i`BF e3 MQX j- URN3RV 83NĜ8NNX 9y
(Rkj) SX .B+QMBb M/ "X 17`QM- ǳ*QKTmi2`@BMi2MbBp2 K2i?Q/b BM biiBbiB+b-Ǵ a+B2MiB}+
K2`B+M k9N URN3jV RReĜRjyX
(Rk9) "X 17`QM M/ _X CX hB#b?B`MB- M AMi`Q/m+iBQM iQ i?2 "QQibi`TX *?TKM 
>HH- L2r uQ`F- RNNjX 9y
R9R
_161_1L*1a
(Rk8) _X aX oM /2 qi2`- ǳh?2 *EJ Ki`Bt M/ ~pQ` T?vbB+b 7`QK HiiB+2 Z*.-Ǵ
SQa GhkyyN UkyyNV yR9- `sBp,yNRRXjRkd (?2T@Hi)X 9k
(Rke) wX 6Q/Q`- EX >QHHM/- CX EmiB- .X LQ;`/B- M/ *X a+?`Q2/2`- ǳ*?B`H bvKK2i`v
#`2FBM; BM M2`Hv +QM7Q`KH ;m;2 i?2Q`B2b-Ǵ SQa GhkyyN UkyyNV y88-
`sBp,yNRRXk9ej (?2T@Hi)X 99
(Rkd) X >b2M7`ix- ǳAMp2biB;iBM; i?2 +`BiB+H T`QT2`iB2b Q7 #2vQM/@Z*. i?2Q`B2b
mbBM; JQMi2 *`HQ _2MQ`KHBxiBQM :`QmT Ki+?BM;-Ǵ S?vbX _2pX .3y UkyyNV
yj98y8- `sBp,yNydXyNRN (?2T@Hi)X 99
(Rk3) EX JBm`- JX SX GQK#`/Q- M/ 1X SHHMi2- ǳh?2`KQ/vMKB+ aim/v 7Q`
*QM7Q`KH S?b2 BM G`;2 N7 :m;2 h?2Q`v-Ǵ SQa GhhA*1kyRR UkyRRV kyd-
`sBp,RRRRXRyN3 (?2T@Hi)X
(RkN) GiEJA *QHH#Q`iBQM- uX QFB 2i HX- ǳJMv ~pQ` Z*. b 2tTHQ`iBQM Q7 i?2
rHFBM; #2?pBQ` rBi? i?2 TT`QtBKi2 A_ }t2/ TQBMi-Ǵ SQa GhhA*1kyRR
UkyRRV y3y- `sBp,RkykX9dRk (?2T@Hi)X
(Rjy) sX@uX CBM M/ _X .X Jr?BMM2v- ǳGiiB+2 Z*. rBi? 3 M/ Rk /2;2M2`i2 [m`F
~pQ`b-Ǵ SQa GhkyyN UkyyNV y9N- `sBp,yNRyXjkRe (?2T@Hi)X 99
(RjR) sX@uX CBM M/ _X .X Jr?BMM2v- ǳ1pB/2M+2 7Q`  6B`bi P`/2`- 6BMBi2
h2KT2`im`2 S?b2 h`MbBiBQM BM 3 6HpQ` Z*.-Ǵ SQa GhhA*1kyRy UkyRyV
y88- `sBp,RyRRXR8RR (?2T@Hi)X
(Rjk) X .2mx2KM- JX SX GQK#`/Q- M/ 1X SHHMi2- ǳh?2 S?vbB+b Q7 2B;?i
~pQm`b-Ǵ S?vbX G2iiX "edy Ukyy3V 9RĜ93- `sBp,y3y9XkNy8 (?2T@Hi)X 99
(Rjj) SX .K;`/- lX JX >2HH2`- X E`bMBix- M/ SX PH2b2M- ǳPM HiiB+2 Z*. rBi?
KMv ~pQ`b-Ǵ S?vbX G2iiX "9yy URNNdV ReNĜRd8- `sBp,?2T@HifNdyRyy3
(?2T@Hi)X 99
(Rj9) lX JX >2HH2`- ǳh?2 a+?`Q/BM;2` 7mM+iBQMH `mMMBM; +QmTHBM; rBi? bi;;2`2/
72`KBQMb M/ Bib TTHB+iBQM iQ KMv ~pQ` Z*.-Ǵ Lm+HX S?vbX S`Q+X amTTHX ej
URNN3V k93Ĝk8y- `sBp,?2T@HifNdyNR8N (?2T@Hi)X
R9k
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(Rj8) X >b2M7`ix- ǳa+HBM; T`QT2`iB2b Q7 KMv@72`KBQM bvbi2Kb 7`QK J*_:
bim/B2b-Ǵ SQa GhkyyN UkyyNV y8k- `sBp,yNRRXye9e (?2T@Hi)X 99
(Rje) GiEJA *QHH#Q`iBQM- uX QFB 2i HX- ǳJMv ~pQ` Z*. rBi? Nf = 12 M/
16-Ǵ SQa GhhA*1kyRR UkyRRV y8j- `sBp,RkykX9NRe (?2T@Hi)X 99
(Rjd) hX TT2H[mBbi- :X 6H2KBM;- JX GBM- 1X L2BH- M/ .X a+?B+?- ǳGiiB+2
aBKmHiBQMb M/ AM7``2/ *QM7Q`KHBiv-Ǵ S?vbX _2pX .39 UkyRRV y898yR-
`sBp,RRyeXkR93 (?2T@Hi)X 99
(Rj3) EX P;r- hX QvK- >X AF2/- 1X AiQm- JX Em`+?B- 2i HX- ǳh?2 AM7``2/
#2?pBQ` Q7 al(3) N7 = 12 ;m;2 i?2Q`v @#Qmi i?2 2tBbi2M+2 Q7 +QM7Q`KH }t2/
TQBMi@-Ǵ SQa GhhA*1kyRR UkyRRV y3R- `sBp,RRRRXR8d8 (?2T@Hi)X 99
(RjN) hX E`pB`i- CX _Mi?`Dm- EX _mKKmFBM2M- M/ EX hmQKBM2M-
ǳ.2i2`KBMBM; i?2 +QM7Q`KH rBM/Qr, al(2) ;m;2 i?2Q`v rBi? N7 = 4, 6 M/ 10
72`KBQM ~pQm`b-Ǵ C>1S Rky8 UkyRkV yyj- `sBp,RRRRX9Ry9 (?2T@Hi)X 99
(R9y) hX E`pB`i- CX _Mi?`Dm- EX _mKKmFBM2M- M/ EX hmQKBM2M- ǳ1tTHQ`BM;
i?2 +QM7Q`KH rBM/Qr, al(2) ;m;2 i?2Q`v QM i?2 HiiB+2-Ǵ SQa
GhhA*1kyRR UkyRRV yed- `sBp,RkyRXkyjd (?2T@Hi)X 99
(R9R) _X G2rBb- *X SB+- M/ 6X aMMBMQ- ǳGB;?i bvKK2i`B+ .`F Jii2` QM i?2
GiiB+2, al(2) h2+?MB+QHQ` rBi? hrQ 6mM/K2MiH 6HpQ`b-Ǵ S?vbX _2pX .38
UkyRkV yR98y9- `sBp,RRyNXj8Rj (?2T@T?)X 99
(R9k) Ga. *QHH#Q`iBQM- :X oQ`QMQp- ǳGiiB+2 bim/v Q7 i?2 2ti2Mi Q7 i?2 +QM7Q`KH
rBM/Qr BM irQ@+QHQ` uM;@JBHHb i?2Q`v-Ǵ SQa GhhA*1kyRR UkyRRV yNj-
`sBp,RjyRX9R9RX 99
(R9j) 6X "m`b- GX .2H .2##BQ- GX E22;M- *X SB+- M/ hX SB+FmT- ǳJbb MQKHQmb
/BK2MbBQM M/ `mMMBM; Q7 i?2 +QmTHBM; BM al(2) rBi? bBt 7mM/K2MiH
72`KBQMb-Ǵ SQa GhhA*1kyRy UkyRyV ydy- `sBp,RyRyXyNyR (?2T@T?)X
(R99) 6X "m`b- GX .2H .2##BQ- GX E22;M- *X SB+- M/ hX SB+FmT- ǳJbb MQKHQmb
/BK2MbBQM BM al(2) rBi? bBt 7mM/K2MiH 72`KBQMb-Ǵ S?vbX G2iiX "eNe UkyRRV
jd9ĜjdN- `sBp,RyydXjyed (?2T@T?)X 99
R9j
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(R98) hX .2:`M/- uX a?KB`- M/ "X ap2iBibFv- ǳS?b2 bi`m+im`2 Q7 alUjV ;m;2
i?2Q`v rBi? irQ ~pQ`b Q7 bvKK2i`B+@`2T`2b2MiiBQM 72`KBQMb-Ǵ S?vbX _2pX .dN
UkyyNV yj98yR- `sBp,y3RkXR9kd (?2T@Hi)X 99
(R9e) hX .2:`M/- uX a?KB`- M/ "X ap2iBibFv- ǳ_mMMBM; +QmTHBM; M/ Kbb
MQKHQmb /BK2MbBQM Q7 alUjV ;m;2 i?2Q`v rBi? irQ ~pQ`b Q7
bvKK2i`B+@`2T`2b2MiiBQM 72`KBQMb-Ǵ S?vbX _2pX .3k UkyRyV y898yj-
`sBp,RyyeXydyd (?2T@Hi)X
(R9d) hX .2:`M/- uX a?KB`- M/ "X ap2iBibFv- ǳ:m;2 i?2Q`B2b rBi? 72`KBQMb BM i?2
irQ@BM/2t bvKK2i`B+ `2T`2b2MiiBQM-Ǵ SQa GhhA*1kyRR UkyRRV yey-
`sBp,RRRyXe398 (?2T@Hi)X 99
(R93) hX .2:`M/- uX a?KB`- M/ "X ap2iBibFv- ǳJbb MQKHQmb /BK2MbBQM BM b2ti2i
Z*.-Ǵ S?vbX _2pX .3d MQX yd98yd- UkyRjV - `sBp,RkyRXyNj8 (?2T@Hi)X
(R9N) wX 6Q/Q`- EX >QHHM/- CX EmiB- .X LQ;`/B- M/ *X a+?`Q2/2`- ǳ*?B`H bvKK2i`v
#`2FBM; BM 7mM/K2MiH M/ b2ti2i 72`KBQM `2T`2b2MiiBQMb Q7 alUjV +QHQ`-Ǵ
`sBp,RRyjX8NN3 (?2T@Hi)X
(R8y) wX 6Q/Q`- EX >QHHM/- CX EmiB- .X LQ;`/B- *X a+?`Q2/2`- 2i HX- ǳh?2 b2ti2i
;m;2 KQ/2H- HB;?i >B;;b- M/ i?2 /BHiQM-Ǵ SQa GhhA*1kyRk UkyRkV yk9-
`sBp,RkRRXeRe9 (?2T@Hi)X
(R8R) .X aBM+HB` M/ CX EQ;mi- ǳZ*. i?2`KQ/vMKB+b rBi? +QHQm`@b2ti2i [m`Fb-Ǵ
SQa GhkyyN UkyyNV R39- `sBp,yNyNXkyRN (?2T@Hi)X
(R8k) .X aBM+HB` M/ CX EQ;mi- ǳL2r `2bmHib rBi? +QHQm`@b2ti2i [m`Fb-Ǵ SQa
GhhA*1kyRy UkyRyV ydR- `sBp,Ryy3Xk9e3 (?2T@Hi)X
(R8j) .X aBM+HB` M/ CX EQ;mi- ǳZ*. rBi? +QHQm`@b2ti2i [m`Fb-Ǵ SQa
GhhA*1kyRk UkyRkV yke- `sBp,RkRRXydRk (?2T@Hi)X 99
(R89) hX .2:`M/- uX a?KB`- M/ "X ap2iBibFv- ǳalU9V HiiB+2 ;m;2 i?2Q`v rBi?
/2+mTH2i 72`KBQMb, a+?`Q/BM;2` 7mM+iBQMH MHvbBb-Ǵ S?vbX _2pX .38 UkyRkV
yd98ye- `sBp,RkykXked8 (?2T@Hi)X 99
R99
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(R88) uX QFB- hX QvK- JX Em`+?B- hX JbFr- EX@BX L;B- 2i HX- ǳqHFBM;
bB;MHb BM N7 = 8 Z*. QM i?2 HiiB+2-Ǵ `sBp,RjykXe38N (?2T@Hi)X 99
(R8e) GX .2H .2##BQ- "X Gm+BMB- X Si2HH- *X SB+- M/ X _;Q- ǳ*QM7Q`KH p2`bmb
+QM}MBM; b+2M`BQ BM al(2) rBi? /DQBMi 72`KBQMb-Ǵ S?vbX _2pX .3y UkyyNV
yd98yd- `sBp,yNydXj3Ne (?2T@Hi)X 9e- Ne
(R8d) 6X "m`b- GX .2H .2##BQ- .X >2Miv- 1X E2``M2- "X Gm+BMB- X Si2HH- *X SB+-
hX SB+FmT- M/ X _;Q- ǳAKT`Qp2/ HiiB+2 bT2+i`Qb+QTv Q7 JBMBKH qHFBM;
h2+?MB+QHQ`-Ǵ S?vbX _2pX .39 Um;- kyRRV yj98ye- `sBp,RRy9X9jyRX 9e- 9d- Ne
(R83) :X "2`;M2`- hX "2`?2B/2- :X JmMbi2`- lX .X Pxm;m`2H- .X aM/#`BMF- 2i HX-
ǳh?2 ;HmBMQ@;Hm2 T`iB+H2 M/ }MBi2 bBx2 2z2+ib BM bmT2`bvKK2i`B+ uM;@JBHHb
i?2Q`v-Ǵ C>1S RkyN UkyRkV Ry3- `sBp,RkyeXkj9R (?2T@Hi)X e9
(R8N) EX G2p2M#2`;- ǳ K2i?Q/ 7Q` i?2 bQHmiBQM Q7 +2`iBM MQM@HBM2` T`Q#H2Kb BM
H2bi b[m`2b-Ǵ ZX CX TTHX Ji?X AA MQX k- URN99V Re9ĜRe3X dy
(Rey) .X J`[m`/i- ǳM H;Q`Bi?K 7Q` H2bi@b[m`2b 2biBKiBQM Q7 MQMHBM2`
T`K2i2`b-Ǵ CX aQ+X AM/X TTHX Ji?X RR MQX k- URNejV 9jRĜ99RX dy
(ReR) aX EB`FTi`B+F- *X .X :2Hii- M/ JX SX o2++?B- ǳPTiBKBxiBQM #v bBKmHi2/
MM2HBM;-Ǵ a+B2M+2 kky MQX 98N3- URN3jV edRĜe3yX dk
(Rek) oX Ì2`Mɷ- ǳh?2`KQ/vMKB+H TT`Q+? iQ i?2 i`p2HBM; bH2bKM T`Q#H2K, M
2{+B2Mi bBKmHiBQM H;Q`Bi?K-Ǵ CX PTiBKBxX h?2Q`v TTX 98 MQX R- UCMX- RN38V
9RĜ8RX dk
(Rej) *X :X *HHM- _X .b?2M- M/ .X CX :`Qbb- ǳhQr`/  i?2Q`v Q7 i?2 bi`QM;
BMi2`+iBQMb-Ǵ S?vbX _2pX .Rd UJv- RNd3V kdRdĜkdejX de
(Re9) X "2HpBM- X JX SQHvFQp- X a+?r`ix- M/ uX hvmTFBM- ǳSb2m/QT`iB+H2
aQHmiBQMb Q7 i?2 uM;@JBHHb 1[miBQMb-Ǵ S?vbX G2iiX "8N URNd8V 38Ĝ3dX dd





(Ree) aX@BX LK- ǳZ*. K;M2iB+ bmb+2TiB#BHBiv i }MBi2 i2KT2`im`2 #2vQM/ i?2 +?B`H
HBKBi-Ǵ `sBp,Rjy9XRke8 (?2T@T?)X d3
(Red) aX@BX LK- ǳ1H2+i`B+H +QM/m+iBpBiv Q7 [m`F Kii2` i }MBi2 h mM/2` 2ti2`MH
K;M2iB+ }2H/-Ǵ S?vbX _2pX .3e UkyRkV yjjyR9- `sBp,RkydXjRdk (?2T@T?)X
d3
(Re3) lEZ*. *QHH#Q`iBQM- .X X aKBi? M/ JX CX h2T2`- ǳhQTQHQ;B+H bi`m+im`2
Q7 i?2 al(3) p+mmK-Ǵ S?vbX _2pX .83 UJv- RNN3V yR98y8-
`sBp,?2T@HifN3yRyy3X d3
(ReN) JX h2T2`- ǳAMbiMiQMb BM i?2 ZmMiBx2/ al(2) o+mmK,  GiiB+2 JQMi2 *`HQ
AMp2biB;iBQM-Ǵ S?vbX G2iiX "Rek URN38V j8dX dN
(Rdy) 6X "`m+FKMM- 6X :`m#2`- EX CMb2M- JX J`BMFQpB+- *X l`#+?- 2i HX-
ǳ*QKT`BM; iQTQHQ;B+H +?`;2 /2}MBiBQMb mbBM; iQTQHQ;v }tBM; +iBQMb-Ǵ 1m`X
S?vbX CX 9j UkyRyV jyjĜjRR- `sBp,yNy8Xk39N (?2T@Hi)X dN
(RdR) JX :`+ő Sû`2x- hX :X EQp+b- M/ SX pM "H- ǳ*QKK2Mib QM i?2 BMbiMiQM
bBx2 /Bbi`B#miBQM-Ǵ S?vbX G2iiX "9dk UkyyyV kN8ĜjyR- `sBp,?2T@T?fNNRR938
(?2T@T?)X 39
(Rdk) *X JB+?2H M/ SX aT2M+2`- ǳ*QQHBM; M/ i?2 al(2) BMbiMiQM p+mmK-Ǵ S?vbX
_2pX .8k URNN8V 9eNRĜ9eNN- `sBp,?2T@HifN8yjyR3 (?2T@Hi)X
(Rdj) aX >M/b M/ SX E2MMv- ǳhQTQHQ;B+H ~m+imiBQMb BM /2Mb2 Kii2` rBi? irQ
+QHQ`b-Ǵ S?vbX G2iiX "dyR UkyRRV jdjĜjdd- `sBp,RRy9Xy8kk (?2T@Hi)X 39
(Rd9) >X *?BH/b- 1X aX "`m;;2`- EX aX "QMM2HH- CX aX J2`2/Bi?- JX JBHH2`- "X CX
q?BiHQ+F- M/ LX Jt- ǳ +QMi`+i@#b2/ bvbi2K 7Q` H`;2 /i pBbmHBxiBQM-Ǵ
BM S`Q+22/BM;b Q7 A111 oBbmHBxiBQM kyy8- TTX RNyĜRN3X kyy8X 38- RkR
(Rd8) ǳoBbBi pBbmHBxiBQM iQQHXǴ ?iiTb,ffr+BXHHMHX;Qpf+Q/2bfpBbBifX 38- RkR




(Rdd) GX .2H .2##BQ- X Si2HH- M/ *X SB+- ǳ62`KBQMb BM ?B;?2` `2T`2b2MiiBQMbX
aQK2 `2bmHib #Qmi al(2) rBi? /DQBMi 72`KBQMb-Ǵ SQa GhhA*1kyy3 Ukyy3V
ye9- `sBp,y3RkXy8dy (?2T@Hi)X Ne
(Rd3) GX .2H .2##BQ- X Si2HH- M/ *X SB+- ǳ>B;?2` `2T`2b2MiiBQMb QM i?2 HiiB+2,
LmK2`B+H bBKmHiBQMbX al(2) rBi? /DQBMi 72`KBQMb-Ǵ S?vbX _2pX .3R UkyRyV
yN98yj- `sBp,y3y8Xky83 (?2T@Hi)X Ne
(RdN) X `KQMB- "X Gm+BMB- X Si2HH- M/ *X SB+- ǳP`B2MiB7QH/ SHM` 1[mBpH2M+2,
h?2 *?B`H *QM/2Mbi2-Ǵ SQa GhhA*1kyy3 Ukyy3V y89- `sBp,y3yNX8yR8
(?2T@Hi)X
(R3y) "X Gm+BMB- :X JQ`BiBb- X Si2HH- M/ X _;Q- ǳP`B2MiB7QH/ SHM`
1[mBpH2M+2, h?2 Zm2M+?2/ J2bQM aT2+i`mK-Ǵ SQa GhhA*1kyRy UkyRyV
yej- `sBp,RyRyXey8j (?2T@Hi)X
(R3R) X Si2HH- GX .2H .2##BQ- "X Gm+BMB- *X SB+- M/ X _;Q- ǳ*QM}MBM; pbX
+QM7Q`KH b+2M`BQ 7Q` al(2) rBi? /DQBMi 72`KBQMbX :HmQMB+ Q#b2`p#H2b-Ǵ SQa
GhhA*1kyRy UkyRyV ye3- `sBp,RyRRXy3e9 (?2T@Hi)X
(R3k) aX *ii2`HH- GX .2H .2##BQ- CX :B2/i- M/ GX E22;M- ǳavbi2KiB+ 1``Q`b Q7 i?2
J*_: J2i?Q/-Ǵ SQa GhhA*1kyRR UkyRRV ye3- `sBp,RRRyXReey
(?2T@T?)X
(R3j) :X JQ`BiBb- ǳaT2+i`mK Q7 Q`B2MiB7QH/ Z*. BM i?2 bi`QM; +QmTHBM; M/ ?QTTBM;
2tTMbBQM TT`QtBKiBQM-Ǵ S?vbX G2iiX "eNy MQX R- UkyRyV Ne Ĝ RyR-
`sBp,yNRRX8RRRX
(R39) _X G2rBb- *X SB+- M/ 6X aMMBMQ- ǳGB;?i bvKK2i`B+ /`F Kii2` QM i?2
HiiB+2, al(2) i2+?MB+QHQ` rBi? irQ 7mM/K2MiH ~pQ`b-Ǵ S?vbX _2pX .38 UCM-
kyRkV yR98y9- `sBp,RRyNXj8RjX
(R38) aX *ii2`HH- GX .2H .2##BQ- CX :B2/i- M/ GX E22;M- ǳJQMi2 *`HQ
_2MQ`KHBxiBQM :`QmT JBMBKH qHFBM; h2+?MB+QHQ`-Ǵ S?vbX _2pX .38 UJv-
kyRkV yN98yRX
(R3e) aX *ii2`HH- GX .2H .2##BQ- CX :B2/i- M/ GX E22;M- ǳJ*_: JBMBKH qHFBM;
h2+?MB+QHQ`-Ǵ SQa GhhA*1kyRy UkyRyV y8d- `sBp,RyRyX8NyN (?2T@T?)X
R9d
_161_1L*1a
(R3d) X Si2HH- ǳ T`2+Bb2 /2i2`KBMiBQM Q7 i?2 ψψ MQKHQmb /BK2MbBQM BM
+QM7Q`KH ;m;2 i?2Q`B2b-Ǵ S?vbX _2pX .3e UCmH- kyRkV yk8yye-
`sBp,Rky9X99jkX Ne
(R33) ǳAMi2`MiBQMH amT2`+QKTmiBM; *QM72`2M+2 Ĝ Aa*XǴ
?iiT,ffBb+@2p2MibX+QKfBb+RkfX Nd
(R3N) ǳh?2 GALS*E #2M+?K`FXǴ ?iiT,ffrrrXiQT8yyXQ`;fT`QD2+ifHBMT+FX N3
(RNy) ǳhPS8yy bmT2`+QKTmi2` bBi2bXǴ ?iiT,ffrrrXiQT8yyXQ`;fX N3
(RNR) SX Gmbx+x2F- CX CX .QM;``- .X EQ2bi2`- _X _#2Mb2B7M2`- "X Gm+b- CX E2TM2`-
CX J++HTBM- .X "BH2v- M/ .X hF?b?B- ǳAMi`Q/m+iBQM iQ i?2 >S* *?HH2M;2
"2M+?K`F amBi2-Ǵ i2+?X `2TX- kyy8X N3
(RNk) JX hQH2MiBMQ M/ EX qX *K2`QM- ǳh?2 QTiBKBbi- i?2 T2bbBKBbi- M/ i?2 ;HQ#H
`+2 iQ 2tb+H2 BM ky K2;riib-Ǵ *QKTmi2` 98 MQX R- UCMX- kyRkV N8ĜNdX N3
(RNj) ǳh?2 :`T? 8yy HBbiXǴ ?iiT,ffrrrX;`T?8yyXQ`;fX N3
(RN9) sX@ZX GmQ- 1X :`2;Q`v- >X sB- CX uM;- uX qM;- 2i HX- ǳ>B;? T2`7Q`KM+2
"2QrmH7 +QKTmi2` 7Q` HiiB+2 Z*.-Ǵ Lm+HX S?vbX S`Q+X amTTHX Rye UkyykV
Ry9eĜRy93- `sBp,?2T@Hifykykyyd (?2T@Hi)X N3
(RN8) JX GɃb+?2`- ǳGiiB+2 Z*. QM S*b\-Ǵ Lm+HX S?vbX " S`Q+X amTTHX RyeĜRyd
MQX y- UkyykV kR Ĝ k3- `sBp,?2T@HifyRRyyydX GhhA*1 kyyR S`Q+22/BM;b Q7
i?2 sAsi? AMi2`MiBQMH avKTQbBmK QM GiiB+2 6B2H/ h?2Q`vX N3- Ryy
(RNe) .X CX GBHD- J2bm`BM; *QKTmi2` S2`7Q`KM+2,  T`+iBiBQM2`Ƕb ;mB/2X
*K#`B/;2- kyy8X N3
R93
